
Frontiers in Endocrinology | www.frontiersi

Edited by:
Furhan Iqbal,

Bahauddin Zakariya University,
Pakistan

Reviewed by:
Polina Popova,

Almazov National Medical Research
Centre, Russia

Meng Zhao,
Westlake University, China

*Correspondence:
Guanghui Li

liguanghui@ccmu.edu.cn
Xu Ma

nfpcc_ma@163.com

†These authors share first authorship

Specialty section:
This article was submitted to

Clinical Diabetes,
a section of the journal

Frontiers in Endocrinology

Received: 17 August 2021
Accepted: 23 November 2021
Published: 14 December 2021

Citation:
Liu C, Wang Y, Zheng W, Wang J,
Zhang Y, Song W, Wang A, Ma X

and Li G (2021) Putrescine as a Novel
Biomarker of Maternal Serum in First

Trimester for the Prediction of
Gestational Diabetes Mellitus: A

Nested Case-Control Study.
Front. Endocrinol. 12:759893.

doi: 10.3389/fendo.2021.759893

ORIGINAL RESEARCH
published: 14 December 2021

doi: 10.3389/fendo.2021.759893
Putrescine as a Novel Biomarker
of Maternal Serum in First Trimester
for the Prediction of Gestational
Diabetes Mellitus: A Nested
Case-Control Study
Cheng Liu1†, Yuanyuan Wang2,3†, Wei Zheng1, Jia Wang1, Ya Zhang2,3, Wei Song1,
Aili Wang1, Xu Ma2,3* and Guanghui Li1*

1 Division of Endocrinology and Metabolism, Department of Obstetrics, Beijing Obstetrics and Gynecology Hospital, Capital
Medical University, Beijing Maternal and Child Health Care Hospital, Beijing, China, 2 National Research Institute for Family
Planning, Beijing, China, 3 National Human Genetic Resources Center, Beijing, China

Aims: Early identification of gestational diabetes mellitus (GDM) aims to reduce the risk of
adverse maternal and perinatal outcomes. Currently, no acknowledged biomarker has
proven clinically useful for the accurate prediction of GDM. In this study, we tested
whether serum putrescine level changed in the first trimester and could improve the
prediction of GDM.

Methods: This study is a nested case-control study conducted in Beijing Obstetrics and
Gynecology Hospital. We examined serum putrescine at 8-12 weeks pregnancy in 47
women with GDM and 47 age- and body mass index (BMI)-matched normoglycaemic
women. Anthropometric, clinical and laboratory variables were obtained during the same
period. The receiver operating characteristic (ROC) curve and area under the curve (AUC)
were used to assess the discrimination and calibration of the prediction models.

Results: Serum putrescine in the first trimester was significantly higher in women who
later developed GDM. When using putrescine alone to predict the risk of GDM, the AUC of
the nomogram was 0.904 (sensitivity of 100% and specificity of 83%, 95% CI=0.832–
0.976, P<0.001). When combined with traditional risk factors (prepregnant BMI and
fasting blood glucose), the AUC was 0.951 (sensitivity of 89.4% and specificity of 91.5%,
95% CI=0.906-0.995, P<0.001).

Conclusion: This study revealed that GDM women had an elevated level of serum
putrescine in the first trimester. Circulating putrescine may serve as a valuable predictive
biomarker for GDM.
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INTRODUCTION

Gestational diabetes mellitus (GDM), a common gestational
disorder, has been defined as glucose intolerance with onset or
first detection during the second or third trimester (1). GDM has
short and long-term adverse effects on the health of the mother
and their offspring. Women with GDM are more likely to have
preeclampsia, caesarean section and are likely to have a higher
rate of developing type 2 diabetes mellitus (T2DM) and
cardiovascular disease in the postpartum period than those
without GDM (2–4). For neonates, GDM increases the risk of
macrosomia, hypoglycaemia, shoulder dystocia, and respiratory
distress syndrome (5). Additionally, the offspring of GDM
women are more likely to develop obesity and abnormal blood
glycaemia in later life (6). Currently, the diagnosis of GDM is
based on the oral glucose tolerance test (OGTT) which is
generally performed in the second trimester of the pregnancy.
Although there is no consensus about screening algorithms and
diagnostic criteria for GDM before 24 weeks of gestation, risk
stratification in the first trimester could be beneficial to reduce
adverse complications associated with GDM due to timely and
targeted lifestyle interventions such as physical exercise and
dietary changes (7). Thus, establishing a simple, practical
prediction model of GDM according to the identified risk
factors in the first trimester is of great clinical significance.
However, the present predictive biomarker and model of GDM
did not show a pronounced and reliable predictive value (8).

Putrescine is one of the predominant polyamine in
mammalian cells and is pervasive in a wide range of organisms
because it is necessary for cell growth and proliferation (9).
Disturbance of the gut microbiota can cause an imbalance in
polyamine metabolism, which may be related to the pathological
development of metabolic diseases (10, 11). In our former study,
we had reported that women with GDM already had different
components of gut microbiota than normoglycaemic women in
the first trimester (12). Through the Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotation and pathway
enrichment analysis, we correlated multiple small molecular
metabolites with gut microbiota that enriched in GDM. We
found that seven intestinal bacteria enriched in GDM were
significantly correlated with the metabolism of putrescine.
Furthermore, putrescine has recently been shown to associate
with the disrupted tight junction (TJ) integrity in the colon (13).
It could decrease the intestinal mucosal barrier function and
increase bacterial translocation, contributing to the onset of
systemic inflammation-associated metabolic disorders. A recent
case-control study found that serum putrescine levels in patients
with T2DM were significantly higher than those in the control
group, and abnormally elevated putrescine levels were related to
insulin resistance and glycosylated haemoglobin levels (14).
However, the relationship between serum putrescine levels and
GDM has not yet been reported.

To the best of our knowledge, no study has evaluated the
relationship between putrescine and GDM risk. Based on the
findings in the GDM gut microbiota and the relationship
between putrescine and the intestinal barrier, we hypothesized
Frontiers in Endocrinology | www.frontiersin.org 2
that serum putrescine levels might be associated with the
development of GDM. If so, putrescine may serve as an
effective predictive biomarker for GDM.
RESEARCH DESIGN AND METHODS

Patient Cohorts
The participants in this nested case-control study were from a
prospective cohort study in the Beijing Obstetrics and
Gynecology Hospital, Capital Medical University. All pregnant
women who intended to give birth in this hospital were enrolled
in the cohort study at 8–12 weeks of gestation and followed
until delivery.

To evaluate the relationship between serum putrescine and
GDM, we selected eligible subjects from the recruited pregnant
women above. Women of 18 to 44 years of age and with a
singleton pregnancy were recruited and only participants with
complete clinical information were included in the analysis.
Subjects were excluded if they had pre-existing chronic medical
conditions, including hypertension, T2DM, and heart or kidney
diseases. Pregnant women diagnosed with diabetes or impaired
glucose tolerance in the first trimester were also excluded. GDM
was diagnosed at gestational week 24 to week 28 according to
American Diabetes Association (ADA) criteria (15), and a 75-g
OGTT was performed to screen for GDM. Women with GDM
were enrolled when any of the following criteria were met: fasting
plasma glucose (FBG) ≥ 5.1 mmol/L, plasma glucose at 1 h ≥ 10
mmol/L, or plasma glucose at 2 h ≥8.5 mmol/L. Normoglycaemic
women were matched for age ( ± 3 years) to each case of GDM
women in the same cohort. We also matched the pre-pregnancy
BMI according to the classification of Institute of Medicine (IOM)
(16). The study was approved by the Ethics Committee of Beijing
Obstetrics and Gynecology Hospital (2017-KY-015-01). Written
informed consent was obtained from every participant. All
procedures were conducted according to the guidelines laid
down in the Declaration of Helsinki.
Clinical Measurements and Covariates
Anthropometric measurements of participants were completed
by trained medical staff at recruitment using a standardized
protocol. Clinical data were collected by medical record review.
Pre-pregnancy body weight was self-reported. A family history of
diabetes was defined as a first-degree relative with T2DM.
Smoking was defined as either ongoing smoking or former
smoking and never smoking (No). Drinking was categorized as
never/occasional (No) and regular. The FBG and lipid profiles,
including cholesterol (CHOL), triglyceride (TG), high-density
lipoprotein (HDL), and low-density lipoprotein (LDL), were
determined as described in a previous study (17).
Putrescine Examination
Blood samples were collected from participants following an
overnight fast at 8–12 weeks, and serum specimens were isolated
December 2021 | Volume 12 | Article 759893
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and stored at -80°C for further examination. The serum putrescine
levels were examined by liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS, Thermo Scientific, USA). First,
100 mL of human serum was briefly added to a 0.5 mL glass
centrifuge tube. After centrifugation at 14000 r/min for 5 min, the
serum sample was dried under nitrogen at 50°C. Then, 60 mL of n-
butyl alcohol and 12mol/L HCI (95:5 v/v) were added and vortexed
for 30 seconds in a seal. After incubation at 65°C for 15 min for
derivatization, the derivatized solution was centrifuged, and dried
under nitrogen at 50°C again. The residue was reconstituted by
adding 100 mL of acetonitrile and water (4:1, v/v), vortexed for 30
seconds, centrifuged at 14000 r/min for 5 min and injected at 20 mL
for LC-MS/MS analysis.

An API 4500 Qtrap (Agilent 1260 LC equipped with an ESI ion
source) was employed for the analysis. Putrescine was separated on
an FFAP elastic quartz capillary column (30 m× 0.25 mm× 0.25
mm) from interfering substances in the matrix. Mobile phases
consisted of 80% acetonitrile (containing 0.1% formic acid). The
pump flow rate setting is variable: 140 mL/min × 0.2 min,
30 mL/min × 1. 3 min and 300 mL/min × 0.5 min. The automatic
injection device was set to inject 20 mL each time, and the sampling
needle was flushed before injection. The chromatographic column
temperature programme: initial temperature 60°C, 0-8 min
increased to 180°C, retention for 2 min; carrier gas: high-purity
nitrogen (purity 99.999%); carrier gas flow rate 0.89 ml/min; inlet
temperature: 200°C. Data were acquired in multiple reaction
monitoring (MRM) mode.
Sample Size and Statistics
The sample size was calculated using MedCalc v20.0.3. The total
sample size was 94 when set the true proportion as 0.70 and the null
hypothesis proportion as 0.50, and hypothesize a=0.01, b=0.20.
Data were analysed using the SPSS 22.0 software. Data with normal
distributions are shown as the mean ± standard deviation, and
nonnormal distributed data are shown as the median (interquartile
range), respectively. T-tests andWilcoxon tests were used to analyse
the differences in continuous variables between the GDM group and
the control group. Serum putrescine concentrations were also
compared by t-test. Categorical variables, including serum
putrescine levels (categorized into quartiles), were evaluated using
the X2 test or Fishers’s exact test. Although women in the control
group were matched for age and prepregnancy BMI to each case of
GDM women in the same cohort, the prepregnancy BMI was still
higher in the GDMgroup. Thus, we adjusted the prepregnancy BMI
when comparing the serum level of putrescine between the two
groups. Binary logistic regression for the association between GDM
and serum putrescine was carried out with adjustment for
potentially confounding variables. The results are represented by
the odds ratio (OR) and 95% confidence interval (CI). To further
specify the clinical significance of putrescine, we built 3 multivariate
predictive models using putrescine with or without traditional risk
factors (i.e., maternal age, prepregnancy BMI, history of family
diabetes, FBG and lipid profile) and the traditional risk factors only
to evaluate the risk of GDM. The receiver operating characteristic
(ROC) curve analysis was performed, and the area under the curve
(AUC) was calculated to evaluate the accuracy, sensitivity and
Frontiers in Endocrinology | www.frontiersin.org 3
specificity of the model. The differences were considered
statistically significant when P<0.05.
RESULTS

Clinical and Laboratory Characteristics
This study comprised 47 GDM women and 47 normoglycaemic
controls. Although wematched the two groups according to age and
BMI, the prepregnancy BMI was significantly higher in the GDM
group than in the control group. As shown inTable 1, there were no
statistically significant differences in other clinical characteristics
(P>0.05). However, the lipid and glucose parameters in the first
trimester were significantly different between the two groups. Serum
lipid parameters, including CHOL, TG, HDL, and FBG were
significantly higher in the GDM group (P<0.05).
Serum Putrescine Levels Between GDM
and Normoglycemic Women
The serum putrescine concentration was significantly higher in
women with GDM than in women compared to the controls in
the first trimester. After adjusted the prepregnancy BMI, the
difference was still significant (P<0.001, Figure 1). When
stratified by quartile, those in the upper quartile of putrescine
concentration were at increased risk of GDM compared to those
with the lowest putrescine concentration (Table 2).
TABLE 1 | Anthropometric, clinical and laboratory variables in women with GDM
and controls.

GDM (N = 47) Control (N = 47) P

Age 33.0 ± 3.57 32.1 ± 2.88 0.161
Height 162.04 ± 4.98 163.82 ± 5.78 0.118
Pre-pregnancy weight 58.65 ± 7.84 55.60 ± 7.03 0.053
Pre-pregnancy BMI 22.32 ± 2.69 20.68 ± 2.01 0.001**
Gravidity 1.98 ± 1.14 1.74 ± 0.96 0.278
Parity 1.38 ± 0.53 1.32 ± 0.47 0.532
Family history of diabetes 0.284
Yes 11 (23.4%) 6 (12.8%)
No 36 (76.6%) 41 (87.2%)

Smoking 1
Yes 2 (4.3%) 1 (2.1%)
No 45 (95.7%) 46 (97.9%)

Drinking 1
Yes 5 (10.6%) 4 (8.5%)
No 42 (89.4%) 43 (91.5%)

Education background 1
University or above 38 (80.9%) 39 (83.0%)
Junior college or below 9 (19.1%) 8 (17.0%)

Laboratory parameter
FBG (mmol/L) 4.86 ± 0.49 4.64 ± 0.36 0.015*
CHOL (mmol/L) 4.46 ± 0.73 4.12 ± 0.64 0.019*
TG (mmol/L) 1.26 (0.91-1.63) 1.02 (0.85-1.26) 0.023*
HDL (mmol/L) 1.48 ± 0.30 1.49 ± 0.29 0.920
LDL (mmol/L) 2.33 ± 0.60 2.08 ± 0.47 0.026*
Putrescine (mmol/L) 52.10 (48.00-55.12) 33.16 (20.09-39.74) <0.001***
December 202
1 | Volume 12 | Artic
*P < 0.05. **P < 0.01. ***P < 0.001.
GDM, gestational diabetes mellitus; BMI, body mass index; FPG, fasting plasma glucose;
CHOL, cholesterol; TG, triglyceride; HDL, high density lipoprotein; LDL, low density lipoprotein.
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Traditional Risk Factors for GDM Explored
by Logistic Regression
Regarding clinical risk factors (Table 3), univariable logistic
regression showed that only prepregnancy BMI was positively
correlated with GDM risk (P<0.05). However, a family history of
diabetes and smoking may increase the risk of GDM, with an
ORs of 2.088 (95% CI = 0.701-6.215) and 2.044 (95% CI = 0.179-
23.348) respectively. Regarding laboratory risk factors (Table 3),
FBG, CHOL, TG and LDL in the first trimester were significantly
and positively correlated with GDM risk (P<0.05).

According to the univariable logistic regression, we used
prepregnancy weight, prepregnancy BMI, family history of
diabetes, smoking, FBG, CHOL, TG and LDL to build a
traditional risk prediction model. An ROC curve was constructed
using the model with an AUC of 0.761 (sensitivity of 53.2% and
specificity of 93.6%, 95% CI=0.665–0.858, P<0.001, Figure 2A).
The Prediction Effect of Serum Putrescine
for GDM
Univariable logistic analyses indicated that serum putrescine
concentration was significantly and positively associated with a
higher risk of GDM (OR=1.231, 95% CI=1.130–1.341, P<0.001).
After adjustment for maternal age, prepregnancy BMI, history of
Frontiers in Endocrinology | www.frontiersin.org 4
family diabetes, FBG and lipid profile, the results did not change
(OR=1.274, 95% CI=1.148–1.413, P<0.001).

To evaluate the performance of serum putrescine as
predictive biomarker for GDM, ROC curves were constructed
using the putrescine with an AUC of 0.904 (sensitivity of 100%
and specificity of 83%, 95% CI=0.832–0.976, P<0.001,
Figure 2B). When putrescine was combined with traditional
risk factors, the final risk prediction model included
prepregnancy BMI, FBG and putrescine (Table 4), which
achieved an AUC of 0.951 (sensitivity of 89.4% and specificity
of 91.5%, 95% CI=0.906-0.995, P<0.001, Figure 2C).
DISCUSSION

Our study demonstrated that serum putrescine levels in the first
trimester were significantly higher in women who later
developed GDM. Measurement of serum putrescine
concentration showed excellent diagnostic value for predicting
the risk of GDM. We also built a final model that included
putrescine and traditional clinical risk factors (prepregnancy
BMI and FBG). And this model showed a considerable degree
of discrimination and achieved an AUC of 0.951.

There is evidence that some women with GDM already have
abnormal glucose metabolism in the first trimester (18). However,
the diagnosis of GDM is often made during the second trimester,
which presents a limited time for an intervention. Detection of
women at risk earlier during pregnancy would be important to
enable early lifestyle modification or even drug treatment to
improve the perinatal outcomes of these women. Under those
circumstances, using new risk prediction models to improve the
existing selective screening algorithms and therefore to effectively
reduce the number of inconvenient and belated oral glucose
tolerance tests is meritorious.

There are many traditional risk factors for GDM, including
advanced maternal age, overweight or obesity, ethnicity, family
history of diabetes, history of GDM in a previous pregnancy,
high FBG, glycated haemoglobin A1c (HbA1c) and lipid profile.
However, the predictive performance of these risk factors is
criticized as having limited diagnostic accuracy (8, 19, 20). The
AUC values of these traditional clinical variables ranged from
0.6-0.8, and most of these previous studies used different GDM
diagnosis criteria (8, 21, 22). Therefore, their clinical benefit
when applied to the most recent GDM definition has not yet
been well investigated. Recently, a number of new markers have
been evaluated for use in predicting GDM with variable success,
such as protein biomarkers (23), adiponectin (24) and leptin
(25), pentraxin 3 (26), trace elements (27), RNA (28), single-
nucleotide polymorphisms (29), and other combined metabolite
models (30–33). The AUC values of some of these models can
reach above 0.8. However, interindividual variability, sample
collection and transportation, confounding variables and cost
limit the application of these new markers in clinical.

Metabolomics is a rapidly developing science that aims to
quantitatively describe the dynamic changes of many metabolites
in organisms. Metabolomics has the capacity to recognize early
FIGURE 1 | The serum putrescien in the first trimester of women with GDM
and controls. (***P < 0.001).
TABLE 2 | The quartile stratification comparison of putrescine.

GDM (N = 47) Control (N = 47) X2 P

Putrescine (mmol/L) 50.80 <0.001***
<33.36 0 24
33.36-45.07 7 16
45.08-52.70 19 4
>52.70 21 3
***P < 0.001.
GDM, gestational diabetes mellitus.
December 2021 | Volume 12 | Article 759893
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deregulations and disruptions in metabolism associated with
diseases or disorders. To investigate physiological processes
and to develop early diagnostics, metabolomics is one of the
most promising technologies (34, 35). Plasma metabolomics is a
powerful technology for the rapid and profound analysis of all
kinds of metabolic diseases. The amount of information obtained
Frontiers in Endocrinology | www.frontiersin.org 5
by this approach is still not fully understood. The GDM
prediction model from the UK Pregnancies Better Eating and
Activity Trial (UPBEAT), which included multiple serum
metabolites, reached an AUC of 0.78 (30). Other metabolite
models that included adiponectin reached an AUC of 0.79-0.85
(24, 33). A study using untargeted and targeted metabolomic
protocols to analyse plasma and urine samples of pregnant
women with and without GDM reported that the combination
of 11 metabolites from blood samples and 5 metabolites from
urine samples improved the AUC prediction accuracy to 0.99
(31). However, this study only investigated 14 GDM women and
18 non-GDM women. The multivariable predictive model based
on a small sample size may have limited promotion value. In
addition, the association between metabolites and the risk of a
certain disease may considerably vary among different ethnicities
and the heterogeneity of GDM. Alternately, different GDM
diagnosis criteria across studies and the diversity of different
TABLE 3 | Univariate logistic regression for GDM.

B P OR (95% CI)

Age 0.089 0.169 1.093 (0.963-1.240)
Height -0.061 0.120 0.941 (0.871-1.016)
Pre-pregnancy weight 0.055 0.056 1.056 (0.999-1.117)
Pre-pregnancy BMI 0.288 0.003** 1.333 (1.106-1.608)
gravidity 0.213 0.287 1.237 (0.836-1.829)
parity 0.257 0.536 1.293 (0.573-2.919)
family history of diabetes 0.736 0.186 2.088 (0.701-6.215)
smoking 0.715 0.565 2.044 (0.179-23.348)
Drinking 0.247 0.726 1.280 (0.321-5.096)
Education background 0.144 0.789 1.155 (0.403-3.306)
Laboratory parameter
FBG 1.393 0.022* 4.027 (1.221-13.283)
CHOL 0.710 0.025* 2.035 (1.092-3.793)
TG 1.002 0.022* 2.723 (1.154-6.427)
HDL -0.070 0.921 0.932 (0.233-3.733)
LDL 0.880 0.030* 2.412 (1.089-5.343)
Putrescine 0.208 <0.001*** 1.231 (1.130-1.341)
December 2021 | Volum
*P < 0.05. **P < 0.01. ***P < 0.001.
GDM, gestational diabetes mellitus; BMI, body mass index; FPG, fasting plasma glucose; CHOL, cholesterol; TG, triglyceride; HDL, high density lipoprotein; LDL, low density lipoprotein.
TABLE 4 | Multivariate logistic regression for GDM.

B P OR (95% CI)

Putrescine 0.242 <0.001*** 1.274 (1.148-1.413)
Pre-pregnancy BMI 0.441 0.009** 1.555 (1.118-2.162)
FBG 2.102 0.051 8.183 (0.990-67.642)
constant -30.123 <0.001*** 0
**P < 0.01. ***P < 0.001
GDM, gestational diabetes mellitus; BMI, body mass index; FPG, fasting plasma glucose.
A B C

FIGURE 2 | Receiver operating characteristic (ROC) curves for logistic regression models utilizing clinical risk factors (A), serum putrescine (B) serum putrescine and
clinical risk factors (C).
e 12 | Article 759893
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laboratory instruments may also influence the effects of
prediction and extrapolation. Although combined clinical risk
factors and metabolite biomarkers improve the prediction of
GDM, selective screening based on the presence of one or more
risk factors has shown to have limited diagnostic accuracy (36,
37). In light of these previous studies, the model in this study
included only one metabolite, which can reach an AUC of 0.95
and a sensitivity of 89.4% is encouraging.

Some studies reported that elevated serumputrescine levelswere
associated with T2DM (14). However, there are few reports about
putrescine metabolism in pregnant women with GDM. Putrescine
is a metabolite of intestinal bacteria and is produced by collective
biosynthetic pathways of the commensal microbiome (38). In
recent years, the gut microbiota and its metabolites have shown a
significant relationshipwithGDM.Our former studydemonstrated
that women who develop GDM exhibit distinct gut microbiota
compositions in the first trimester, and the bacteria enriched in
GDMhavebeen found tobe related to themetabolismofputrescine
(12). A recent study conducted high-throughput sequencing of
thousands of indicators, including secreted proteins, microbial
metabolites, and drugs, and found for the first time that
putrescine can destroy intestinal barrier function by disrupting TJ
integrity and cause colon inflammation (13). Disruption of gut
barrier integrity generates a “leaky gut”, allowing the influx of
bacterial ligands and inflammatory cytokines into the portal and
systemic circulation through leaky gut to trigger systemic
inflammation in a broad range of target organs, such as adipose
tissues. GDM, similar to T2DM, is an inflammatory clinical entity
with different mechanisms involved in its physiopathology.
Impaired intestinal barrier structure and function are important
to the low-grade inflammation (39) and have been validated as an
important pathogenic process in T2DM (40, 41). Chronic systemic
inflammation and adipose tissue inflammation have also been
regarded to play a role in the progression of GDM (42, 43). This
may suggest the pathogenic mechanism of putrescine, which
impairs the intestinal barrier and triggers chronic inflammation,
in GDM. Although the direct cause and effect relationship between
putrescine and its pathological states has not yet been confirmed,
reversingharmful intestinalmicrobiotametabolitesmaybecome an
attractive and potent target for disease prevention and treatment.

Our current study revealed that women with GDM had an
elevated level of serum putrescine in the first trimester. We first
used serum putrescine levels in the first trimester to build a
sensitive and reliable prediction model of GDM, which could
help identify high-risk individuals at an early stage. However,
this study was a single-center study, limited by the sample size
and restricted ethnicity. Furthermore, the metabolome is
influenced by patient intrinsic factors such as ethnicity,
epigenetics, and genetic mutations, and extrinsic factors such as
Frontiers in Endocrinology | www.frontiersin.org 6
environment, stress, and diet. We did not conduct the diet survey
and stress assessment, so we were unable to evaluate these extrinsic
factors. This conclusion deserves to be verified in a large and
multiethnic population cohort and the influencing factors of
metabolome should be evaluated. The causality of putrescine and
GDMmay be connected by disruption of the intestinal barrier and
systemic and local inflammation. The specific mechanism between
putrescine and GDM requires to be explored in greater depth.
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27. Eroğlu H, Örgül G, Tonyalı N, Biriken D, Polat N, Yücel A, et al. The Role of
Afamin and Other Trace Elements in the Prediction of GDM: A Tertiary
Center Experience. Biol Trace Elem Res (2021) 199(12):4418–22. doi: 10.1007/
s12011-020-02559-0

28. Li J, Du B, Geng X, Zhou L. lncRNA SNHG17 is Downregulated in
Gestational Diabetes Mellitus (GDM) and Has Predictive Values. Diabetes
Metab Syndrome Obes Targets Ther (2021) 14:831–8. doi: 10.2147/
DMSO.S263942

29. Popova P, Klyushina A, Vasilyeva L, Tkachuk A, Vasukova E, Anopova A,
et al. Association of Common Genetic Risk Variants With Gestational
Diabetes Mellitus and Their Role in GDM Prediction. Front Endocrinol
(Lausanne) (2021) 12:628582. doi: 10.3389/fendo.2021.628582

30. McBride N, Yousefi P, White S, Poston L, Farrar D, Sattar N, et al. Do Nuclear
Magnetic Resonance (NMR)-Based Metabolomics Improve the Prediction of
Pregnancy-Related Disorders? Findings From a UK Birth Cohort With
Independent Validation. BMC Med (2020) 18(1):366. doi: 10.1186/s12916-
020-01819-z

31. Leitner M, Fragner L, Danner S, Holeschofsky N, Leitner K, Tischler S, et al.
Combined Metabolomic Analysis of Plasma and Urine Reveals AHBA,
Tryptophan and Serotonin Metabolism as Potential Risk Factors in
Gestational Diabetes Mellitus (GDM). Front Mol Biosci (2017) 4:84. doi:
10.3389/fmolb.2017.00084

32. Wang Y, Ge Z, Chen L, Hu J, Zhou W, Shen S, et al. Risk Prediction Model
of Gestational Diabetes Mellitus in a Chinese Population Based on a Risk
Scoring System. Diabetes Ther (2021) 12(6):1721–34. doi: 10.1007/s13300-
021-01066-2

33. Abell S, Shorakae S, Boyle J, De Courten B, Stepto N, Teede H, et al. Role of
Serum Biomarkers to Optimise a Validated Clinical Risk Prediction Tool for
Gestational Diabetes. Aust New Z J obstetrics Gynaecol (2019) 59(2):251–7.
doi: 10.1111/ajo.12833

34. Pinto J, Almeida L, Martins A, Duarte D, Barros A, Galhano E, et al.
Prediction of Gestational Diabetes Through NMR Metabolomics of
Maternal Blood. J Proteome Res (2015) 14(6):2696–706. doi: 10.1021/
acs.jproteome.5b00260

35. Allalou A, Nalla A, Prentice K, Liu Y, Zhang M, Dai F, et al. A Predictive
Metabolic Signature for the Transition From Gestational Diabetes
Mellitus to Type 2 Diabetes. Diabetes (2016) 65(9):2529–39. doi:
10.2337/db15-1720

36. Wu Y, Zhang C, Mol B, Kawai A, Li C, Chen L, et al. Early Prediction of
Gestational Diabetes Mellitus in the Chinese Population via Advanced
Machine Learning. J Clin Endocrinol Metab (2021) 106(3):e1191–205. doi:
10.1210/clinem/dgaa899

37. Sweeting A, Wong J, Appelblom H, Ross G, Kouru H, Williams P, et al. A
Novel Early Pregnancy Risk Prediction Model for Gestational Diabetes
Mellitus. Fetal Diagn Ther (2019) 45(2):76–84. doi: 10.1159/000486853

38. Nakamura A, Ooga T, Matsumoto M. Intestinal Luminal Putrescine Is
Produced by Collective Biosynthetic Pathways of the Commensal
Microbiome. Gut Microbes (2019) 10(2):159–71. doi: 10.1080/19490976.
2018.1494466

39. Yang G, Wei J, Liu P, Zhang Q, Tian Y, Hou G, et al. Role of the Gut
Microbiota in Type 2 Diabetes and Related Diseases. Metabolism (2021)
117:154712. doi: 10.1016/j.metabol.2021.154712
December 2021 | Volume 12 | Article 759893

https://doi.org/10.1373/clinchem.2019.303990
https://doi.org/10.1373/clinchem.2019.303990
https://doi.org/10.1016/j.diabet.2010.11.013
https://doi.org/10.2337/dc18-1646
https://doi.org/10.3389/fendo.2018.00696
https://doi.org/10.1111/eci.13630
https://doi.org/10.1074/jbc.R116.731661
https://doi.org/10.3390/nu11051188
https://doi.org/10.3390/nu11051188
https://doi.org/10.3389/fnut.2019.00024
https://doi.org/10.1128/mSystems.00109-20
https://doi.org/10.1053/j.gastro.2020.07.003
https://doi.org/10.3390/jcm8010071
https://doi.org/10.3390/jcm8010071
https://doi.org/10.2337/dc18-S002
https://doi.org/10.1016/j.ajog.2015.01.027
https://doi.org/10.1186/s13098-019-0462-6
https://doi.org/10.1007/s11892-017-0943-7
https://doi.org/10.1111/j.1471-0528.2009.02425.x
https://doi.org/10.1111/j.1471-0528.2009.02425.x
https://doi.org/10.1007/s00592-019-01469-5
https://doi.org/10.3390/jcm10071533
https://doi.org/10.3390/jcm10071533
https://doi.org/10.1007/s00125-015-3855-6
https://doi.org/10.1155/2018/5463762
https://doi.org/10.21037/atm.2019.12.25
https://doi.org/10.21037/atm.2019.12.25
https://doi.org/10.1007/s12011-020-02559-0
https://doi.org/10.1007/s12011-020-02559-0
https://doi.org/10.2147/DMSO.S263942
https://doi.org/10.2147/DMSO.S263942
https://doi.org/10.3389/fendo.2021.628582
https://doi.org/10.1186/s12916-020-01819-z
https://doi.org/10.1186/s12916-020-01819-z
https://doi.org/10.3389/fmolb.2017.00084
https://doi.org/10.1007/s13300-021-01066-2
https://doi.org/10.1007/s13300-021-01066-2
https://doi.org/10.1111/ajo.12833
https://doi.org/10.1021/acs.jproteome.5b00260
https://doi.org/10.1021/acs.jproteome.5b00260
https://doi.org/10.2337/db15-1720
https://doi.org/10.1210/clinem/dgaa899
https://doi.org/10.1159/000486853
https://doi.org/10.1080/19490976.2018.1494466
https://doi.org/10.1080/19490976.2018.1494466
https://doi.org/10.1016/j.metabol.2021.154712
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. Putrescine for Prediction of GDM
40. Min X, Yu T, Qing Q, Yuan Y, Zhong W, Chen G, et al. Abnormal
Differentiation of Intestinal Epithelium and Intestinal Barrier Dysfunction
in Diabetic Mice Associated With Depressed Notch/NICD Transduction in
Notch/Hes1 Signal Pathway. Cell Biol Int (2014) 38(10):1194–204. doi:
10.1002/cbin.10323

41. Pasini E, Corsetti G, Assanelli D, Testa C, Romano C, Dioguardi F, et al.
Effects of Chronic Exercise on Gut Microbiota and Intestinal Barrier in
Human With Type 2 Diabetes. Minerva Med (2019) 110(1):3–11. doi:
10.23736/S0026-4806.18.05589-1
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