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Abstract: Objective: To investigate the potential role of placenta inflammation in gestational diabetes mellitus (GDM)
and construct a model for the diagnosis of GDM. Methods: In this study, transcriptome-wide profiling datasets,
GSE70493 and GSE128381 were downloaded from Gene Expression Omnibus (GEO) database. Significant im-
mune-related genes were identified separately to be the biomarkers for the diagnosis of GDM by using random for-
est model (RF), support vector machine model (SVM), and generalized linear model (GLM). Results: RF was the best
model and was used to select the four key immune-related genes (FABP4, DKK1, CXCL10, and IL1RL1) to diagnose
GDM. A nomogram model was constructed to predict GDM based on the four key immune-related genes by using
“rms” package. The relative proportion of 22 immune cell types were calculated by using CIBERSORT algorithm.
Higher M1 macrophage ratio and lower M2 macrophage ratio in GDM placenta compared to normal patients were
observed. Conclusions: This study provides clues that inflammation was correlated with GDM and suggests inflam-

mation may be the cause and also the potential targets of GDM.
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Introduction

As the most universal metabolic disturbance
of pregnancy, gestational diabetes mellitus
(GDM), is defined as “diabetes diagnosed in the
second or third trimester of pregnancy which
was not clearly overt diabetes prior to gesta-
tion” [1]. The morbidity of GDM differs largely
among different countries even among states
inside the same country due to the using of dis-
crepant criterion or other causes, such as eth-
nicity and the level of economy [2]. The preva-
lence of GDM is in the scope of 3.0 t0 21.2% in
the countries of Asian [3]. In America, the prev-
alence of GDM exceeds 9% [3] and is increas-
ing with a speed of almost 6.3% [4]. Once diag-
nosed with GDM, both gravidae and fetus are
exposed to many kinds of risks due to the state
dysglycemia. For the maternal, the complica-
tions include caesarean section, polyhydram-
nios, pre-elcampsia, shoulder dystocia, and
gestational hypertension [2, 5-8]. For the off-
spring, the common complications contain neo-
natal hypoglycemia, birth injury, macrosomia,
neonatal unit admission, preterm birth, and

respiratory distress [2, 5-9]. What’s more, some
studies indicate than women with GDM are
more likely to be diagnosed with cardiovascular
disease and type 2 diabetes mellitus after con-
ception and their creations are more likely to
develop type 2 diabetes mellitus in their early
life compared to control [10-12].

At present, the specific pathogenesis of GDM
has not been confirmed. Insulin resistance (IR)
was the basic pathogenesis of GDM, which has
been confirmed as the initiating factor of GDM
[13]. Although the concrete mechanism is still
unclear, many researches showed that inflam-
mation play a pivotal role in insulin resistance
and pancreatic beta cells failure [14-17]. Once
pregnant, the body gradually enters into a situ-
ation of low-grade systemic inflammation [18].
A number of studies have shown that inflam-
matory factors are the initiating factors in the
development of IR. Placental tissue has a st-
rong endocrine function, and can synthesize
and secrete a variety of inflammatory cytokines,
which aggravate the chronic inflammatory re-
action and the degree of maternal IR. Inflam-
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Figure 1. Workflow of the research. Abbreviations are defined as follows,
Gene Expression Omnibus database (GEO), differentially expressed gene
(DEG), immune-related gene (IRG), protein-protein interaction (PPI), gesta-
tional diabetes mellitus (GDM), decision curve analysis (DCA).

process of GDM. Thanks to the
rapid development of machine
learning, we can further inves-
tigate the complicated mecha-
nisms of many diseases from a
different angle.

This study aimed to explore the
role of placenta inflammation
in GDM through comparing the
integrated gene expression pr-
ofiling data downloaded from
the Gene expression omnibus
(GEO) database. And further
try to identify immune related
genes as diagnostic biomark-
ers for GDM patients, which
may be helpful for the diagno-
sis and treatment of GDM. In
addition, we also investigated
the potential relationship bet-
ween immune cells and pla-

matory factors secreted by placental tissue
include NK kB, IL-6, IL-8, IL-13 and TNF-a. As
a pro-inflammatory cytokine, IL-13 can induce
apoptosis of islet B cells and promote the
release of IL-6, IL-8 and other inflammatory fac-
tors through NK-kB pathway. IL-6 and IL-8 can
stimulate a variety of lymphoid and inflamma-
tory cells and aggravate the inflammatory res-
ponse. TNF-« is considered as an independent
risk factor of GDM because of its function of
blocking insulin signal transmission and glu-
cose transport [19-23]. Ines Mrizak et al. report
that some immune cells, such as CD68+ or
CD14+ cells, are found increased in GDM pla-
centas and the expression of some pro-inflam-
matory like IL-6, TLR, and TGF-B are also
increased in GDM placenta [23]. Zhiyan Yu et
al. report that IL-38 is increased both in GDM
placentas and serum and may contribute to the
development of GDM [24]. This indicates that
immune cells and the cytokines they secreted
may play a vital role in GDM. However, the con-
crete role of placenta inflammation in GDM is
still unclear.

As part of the microenvironment of placenta,
immune cells have been explored preliminary in
recent years [23]. However, more work should
be done as it is still sealed of the exact relati-
onship between immune cells and placenta in-
flammation and its role in the occurrence and
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centa inflammation.
Methods
Data collection

The two transcriptome-wide profiling datasets,
GSE70493 [25] and GSE128381 [26] were
downloaded from Gene Expression Omnibus
database (GEO, http://www.ncbi.nim.nih.gov/
geo/). 31 non-GDM and 32 GDM placental tis-
sue specimen data are contained in GSE0493.
GSE128381 contains 6 GDM and 177 non-
GDM placental tissues. GSE70493 is used as
training dataset due to its relative balanced
data distribution, and GSE128381 is utilized as
texting dataset for analysis. Data of immune-
related genes (IRGs) was downloaded from
ImmPort database (https://www.immport.org/
shared/) and finally 2499 immune-related ge-
nes are obtained. The schematic of the re-
search is shown in Figure 1.

Differentially expression analysis and protein-
protein interaction analysis

The differentially expressed genes (DEGs) bet-
ween GDM and non-GDM of dataset GSE70-
493 under the criteria of P<0.05 were obtained
by using “limma” [27] package in R. We further
intersected 705 DEGs and 2499 immune-relat-
ed genes (IRGs) to obtain different immune-
related genes (DIRGs). Functional interactions
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Figure 2. Differentially expression analysis and protein-protein interaction analysis. A. The intersection of DEGs in
GSE70493 dataset and IRGs downloaded from ImmPort contains 79 DIRGs. B. The PPl network analysis of the 76

DIRGs.

of the DIRGs were investigated by using the
Search Tool for Retrieval of Interacting Genes
(STRING 11.0, http://string-db.org/cgi/input.
pl). And then the protein-protein interaction
(PPI) network was constructed via Cytoscape
3.8.0 (https://cytoscape.org/).

Gene ontology and KEGG pathway enrichment
analysis

To further investigate the enriched pathways
and functions of the DIRGs immune-related
genes, the genes were imported in DAVID 6.8
(https://david.ncifcrf.gov/) and further visual-
ized the enriched result by using “ggplot2”
package in R.

Construction and assessment of RF, GLM and
SVM model

Random forest model (RF), support vector
machine model (SVM), and generalized linear
model (GLM) were created on the ground of
GSE70493 dataset. The diagnosis of GDM or
not was utilized as response variable, and the
DIRGs were used as explanatory variables.
Then the explain feature of “DALEX” package in
R was utilized to analyze the aforementioned 3
models and residual distribution was plotted to
get the best model on the ground of the test
set. Finally, we analyzed the importance of the
variables and selected the four most important
explanatory variables for further study.
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Construction and validation of a nomogram
model for GDM diagnosis

By using “rms” package, we establish a nomo-
gram model to predict the occurrence of GDM.
“Points” indicates the score of corresponding
factor bellow and “Total Points” indicates the
summation of all the score of factors above.
Then calibration curve were used to assess the
predictive power of the nomogram model. At
last, the clinical value of the model was evalu-
ated by using decision curve analysis and clini-
cal impact curve.

Distribution of the immune cells in placenta

The relative proportion of 22 immune cell types
in samples from the GSE70493 dataset were
calculated as the same way with Yue Gao et al.
by using CIBERSORT algorithm [28]. Then, we
comparedthe distribution of the 22 immune
cells between GDM and non-GDM groups.

Results

Differentially expression analysis and protein-
protein interaction analysis

By using limma [27] package in R, 705 DEGs
between GDM and non-GDM of GSE70493
dataset under the criteria of P<0.05 were
obtained. To screen out the IRGs from the
DEGs, we further took the intersection of 705
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Figure 3. Gene Ontology and KEGG pathway enrichment analysis. A. Biological process (BP, up), cellular component
(CC, middle), and molecular function (MF, low) analysis results of 76 DIRGs. B. Result of KEGG pathway enrichment
analysis of the 76 DIRGs. Proportion of DIRGs are exhibited in the X-axis and different categories are shown in the
Y-axis. The number of genes enriched in particular category are manifested by the size of the circle. The color of the

circle denotes different properties.

DEGs and 2499 IRGs and got 79 DIRGs (Figure
2A). Then functional interactions of the 79 were
investigated by using STRING 11.0. And then
the protein-protein interaction (PPI) network
was constructed via Cytoscape 3.8.0 as is
shown in Figure 2B.

Gene ontology and KEGG pathway enrichment
analysis

To further explore the enriched pathways and
functions of the 79 DIRGs, the genes were
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imported in DAVID 6.8, and further visualized
the enriched result by using “ggplot2” package
in R. These genes are mainly positive regulati-
on of cytokine productions, located in side of
membrane, and mainly exhibit receptor ligand
activity and receptor regulator activity (Figure
3A). And the KEGG enrichment analysis indi-
cated that the 79 DIRGs are mainly take part
in cytokine-cytokine receptor interaction, viral
protein interaction with cytokine and cytokine
receptor (Figure 3B). These results indicated
that GDM is closely related with inflammation
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Figure 4. Construction and assessment of RF, GLM and SVM model. A. Cumulative residual distribution map of the
sample. B. Boxplots of the residuals of the sample. Red dot stands for root mean square of residuals. C. The impor-

tance of the variables in RF, GLM and SVM model.

and placenta inflammation may play a vital role
in GDM.

Construction and assessment of RF, GLM and
SVM model

To further narrow down the range of key im-
mune-related genes, three models were estab-
lished. 6 genes (DKK1, ILRL1, CXCL9, HLA-
DQA2, CXCL10 and FABP4), whose log|FC|>
0.1, from 76 DIRGs are selected as key genes
for the construction of the three models. Ran-
dom forest model (RF), support vector machine
model (SVM), and generalized linear model
(GLM) were created independently on the gr-
ound of training GSE70493 dataset. Then the
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explanatory feature of “DALEX” package in R
was utilized to analyze the aforementioned 3
models and residual distribution was plotted to
get the best model on the ground of the test
set. As shown in Figure 4A and 4B, RF model
was identified as the most suitable model as
it owns the leas sample residual. Then, four ex-
planatory variables (DKK1, ILRL1, FABP4 and
CXCL10) were selected from RF model for fur-
ther analysis (Figure 4C).

Further analysis of four important IRGs

Then, four most vital explanatory variables
(DKK1, ILRL1, FABP4 and CXCL10) in RF mo-
del were selected for further analysis. Figure

Am J Transl Res 2021;13(5):4068-4079



Placenta inflammation related to GDM

FABP4 [ 15

DKK1

IL1RLY

Type E3 No EJ Yes

3.2

I T
28 = ‘

Gene expression

| . 4
2.0 = p—

o

&

-~ S
R
& &
™ <

S
489 >

Figure 5. Relative expression level of CXCL10, FABP2, DKK1, IL1RL1. A. Heat map of the expression pattern of
CXCL10, FABP4, DKK1 and ILA1RL1. B. The chromosomal locations of DKK1, ILRL1, FABP4 and CXCL10. C. The rela-
tive expression level of CXCL10, FABP4, DKK1 and IL1RL1 between GDM and non-GDM from GSE70493 dataset.
D. Principal component analysis shows that the four genes aforementioned can clearly distinguished GDM and

non-GDM.

5B showed the chromosomal locations of
DKK1, ILRL1, FABP4 and CXCL10. The expres-
sion of DKK1, CXCL10 and IL1RL1 in GDM pla-
centa were less than them in non-GDM placen-
ta. However, FABP4 expression in GDM placenta
was higher than it in non-GDM placenta (Figure
5A, 5C). As the principal component analysis
result in Figure 5D, the four genes aforemen-
tioned can clearly distinguished GDM and non-
GDM, which indicated that they may play key
roles in the diagnosis of GDM. The correlations
of the genes were also analyzed as shown in
Figure 6. We can found that HLA.DQA2 and
CXCL9 own high correlation coefficients with
other four genes (DKK1, ILRL1, FABP4 and
CXCL10), which indicated that these two gene
have high function similarities with the other
four genes. Thus, HLA.DQA2 and CXCL9 can
be excluded when select diagnostic biomar-
kers for GDM, which can reduce unnecessary
resource waste.
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Construction and assessment of a nomogram
model for GDM diagnosis

“Rms” package was used to establish a nomo-
gram model for GDM diagnosis based on the
four DIRGs (DKK1, ILRL1, FABP4 and CXCL10)
(Figure 7A). Then, calibration curve was used to
evaluate the predictive power of the nomogram
model. The calibration curve indicated that the
error between the actual GDM risk and the pre-
dicted risk is very small, suggesting the nomo-
gram model owns high accuracy to predict GDM
(Figure 7B). Decision curve analysis (DCA) indi-
cated that the “nomogram” curve was higher
than the gray line, “DKK1” curve, “ILRL1" curve,
“FABP4” curve, and “CXCL10” curve, suggested
that the patients could benefit from the nomo-
gram model at high risk threshold from O to 1
and the clinical benefit of the nomogram model
was higher than the “DKK1” “ILRL1" “FABP4”,
“CXCL10” curve (Figure 7C). To evaluate the
clinical effects of the nomogram model more

Am J Transl Res 2021;13(5):4068-4079
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GSE70493. A. Nomogram to predict the occurrence of GDM. B. Calibration curve to assess the predictive power of
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visually, the clinical impact curve on the gr- high risk with event” curve at high risk thresh-
ound of DCA curve was drawn. The “Number old from 0.3 to 1, which indicated that the
high risk” curve was closely to the “Number nomogram model owns extraordinary predic-
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Figure 8. Distribution of the immune cells in placenta. A. Characteristics of infiltrated immune cells. B. Differences
of the infiltrate immune cells between the GDM group and non-GDM group.

tive power (Figure 7D). These results, in some
respects, also indicated that the four genes
may play key role in the process of GDM.

Distribution of the immune cells in placenta

To make a better understand of the relation-
ship between inflammatory and GDM, the rela-
tive proportion of 22 immune cell types in each
samples were calculated. Then, we compared
the 22 immune cells infiltration between non-
GDM and GDM samples and the results are
visualized using the heat map and the histo-
gram. We found that the infiltration abundance
of MO macrophage cells, M1 macrophage cells
and neutrophils cells were higher in GDM sam-
ples than in non-GDM samples, while the infil-
tration abundance of M2 macrophage cells in
GDM samples were lower. The infiltration abun-
dance of the other immune cells has no statisti-
cal difference (Figure 8A and 8B).
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Discussion

Gestational diabetes mellitus is a most uni-
versal metabolic disturbance of pregnancy [1].
GDM places both the maternal and the off-
spring at risk of many kinds of diseases [29].
Although the main causes of GDM, increasing
maternal age, adiposity and less of physical
exercise, have been defined, more work should
be done to promote the diagnosis and treat-
ment of GDM. Recently, inflammation has been
found to exert import role during GDM. Many
studies enrichened in systemic inflammation
[30, 31], the inflammation of placenta is less
explored. Thus, by using machine learning, the
role of placenta inflammation is investigated.
The differentially expressed immune-related
genes between GDM and non-GDM placenta
were got. A model for the diagnosis of GDM
is also constructed based on the differentially
expressed immune-related genes.

Am J Transl Res 2021;13(5):4068-4079
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Recent studies show that tumor necrosis fac-
tor-alpha (TNA-a) and IL-6 are closely associat-
ed with GDM as their expression are both in-
creased in GDM placenta [32-34]. However, the
role of many other inflammatory mediators in
GDM are still unclear. In this study, 79 differen-
tially expressed immune-related genes were
obtained and made for Gene Ontology and
KEGG pathway analysis. Further construction
and assessment of RF, GLM and SVM model
lead our view to four key genes (DKK1, ILRL1,
FABP4 and CXCL10). DKK1, which can inhibit
LRP5/6 interaction with WNT and form a terna-
ry complex with KREMEN then promote LRP5/6
internalization, can antagonize canonical WNT
signaling. DKK1 takes part in inflammation in
many diseases like periodontitis [35], hepato-
cellular carcinoma, and hepatitis [36]. Lucia
D’Amico et al. [37] reported that DKK1 can
exhibit immune suppressive effects via target-
ing B-catenin. Xueqian Zhuang et al. reported
that DKK1 can suppress the recruitment of
PTGS2-induced macrophage and neutrophil re-
cruitment in lung metastases [38]. Our results
showed that DKK1 is down-regulated in placen-
ta of GDM patients compared to normal con-
trol. This may be one of the reasons why ma-
crophage proportion is higher in GDM placenta
(see latter). As a Fatty acid-binding protein,
FABP4 is mainly derived from macrophage and
adipocyte [39] and also resolved in many dis-
eases such as type2 diabetes mellitus [40],
acute lung injury [41], and insulin resistance
[42]. Research of Jee Young Chung et al. shows
that silencing of FABP4 can result in reduction
of inflammation and then alleviate insulin re-
sistance [42], which indicates that FABP4 may
play as an impeller during inflammation. In fact,
our results also found that the relative expres-
sion of FABP4 is higher in GDM placenta than
the non-GDM dose. IL1RL1 (interleukin-1 recep-
tor-like 1), also known as ST2, is reported to
participate in inflammation as well [43]. By
binding IL-33, IL1RL1 exerts its role like the pro-
motion of hepatic inflammation [44] and the
recruitment of macrophage [45]. We found the
relative expression of ILIRL1 in GDM is lower
in non-GDM. Fragment of CXCL10, C-X-C motif
chemokine 9, has been reported to diminish
the recruitment of neutrophil and joint inflam-
mation in antigen-induced arthritis [46]. CXCL-
10 is one of the markers of M1 macrophage,
which can recruit activated T cells by binding its
receptor CXCR3 [47]. What we observed is that
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CXCL10 expression is relative lower in GDM
than non-GDM. This is interesting as it is wide-
ly believed CXCL10 is a kind of inflammation
markers. We then constructed a nomogram
model for GDM diagnosis by using the DKKZ1,
ILRL1, FABP4 and CXCL10. We found that this
model owns extraordinary predictive power and
patients can benefit from the nomogram model
at high risk threshold from O to 1. There are
many minimally invasive methods for obtain-
ing placental tissue, such as ultrasound-guid-
ed puncture. However, given the high risk and
cost, the clinical application of this Nomogram
is limited. It is hoped that safer and more eco-
nomical methods of obtaining placental tissue
will be developed in the future.

Immune cells infiltration is studied in tumor in
depth. However, there are little reports about
the immune cells infiltration in GDM placenta.
Thus, for further investigation of the distribu-
tion of immune cells in placenta, we used
CIBERSORT algorithm to explore the thing. We
found that the ratio of M1 macrophage in GDM
placenta is much higher than non-GDM placen-
ta. And M2 macrophage ratio is less in GDM
placenta than it in non-GDM. It is generally
believed that, the M1 macrophage (classical
macrophage) can produce many kinds of pro-
inflammatory cytokines, such as CXCL10, and
mediators which result in inflammation. How-
ever, M2 macrophage (alternative) has an ef-
fect of anti-inflammation. We also found that
the relative M1 macrophage ratio is higher in
GDM placenta and the M2 macrophage relative
ratio is the opposite. Those results in consis-
tent with the overall cognitive of macrophage.
Indeed, Ines Mrizak et al. reported that the
macrophage infiltration is increased in GDM
placenta compared to the normal group [23].
All these results indicate that macrophage is
one of the most important contributor of pla-
centa inflammation in GDM. These results may
shed light on further research of GDM.

There are also some shortcomings in our study.
The results, like the expression level of DKK1,
ILRL1, FABP4 and CXCL10 may need further
quantitative polymerase chain reaction and
western blot or immunohistochemistry verifica-
tion. And the nomogram model may need fur-
ther examining before the clinical application
due to the limitation of sample capacity. We did
not analyze the prognosis of GDM based on the
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nomogram as the associated clinical character-
istics is nonexistent in GEO.

In conclusion, we investigated the potential
correlation between placenta inflammation and
the occurrence of GDM by machine learning
and found their tight relationships. Some im-
mune-related genes, like DKK1, ILRL1, FABP4,
and CXCL10, are highly expressed in GDM pla-
centa. And M1 macrophage ratio is higher in
GDM placenta compared to the control group.
Thus placenta inflammation may play a vital
role in GDM.
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