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Abstract. Numerous clinical epidemiology and laboratory 
studies have demonstrated a close association between inflam-
mation or immunity and the occurrence of hypertension. Our 
group has previously shown that upon intraperitoneal injection 
of lipopolysaccharide (LPS) or zymosan (Zym) into pregnant 
rats, the offspring of the experimental group exhibited higher 
blood pressure levels compared with the control group, and 
these may be associated with the effects of an accumulation of 
gene expression changes on female rats during pregnancy. The 
present study used the Affymetrix GeneChip® Rat Genome 
230 2.0 Array to examine gene expression profile changes in 
the embryos of experimental pregnant rats intraperitoneally 
injected with LPS or Zym vs. the untreated controls. We discov-
ered that genes associated with DNA replication and mRNA 
processing were significantly upregulated by the stimuli 
from analysis using GenMAPP. By contrast, genes involved 
in the calcium regulatory pathway in cardiac myocytes and 
the signaling pathway in smooth muscle contraction and 
relaxation were the most downregulated. Results of the micro-
array analysis showed that immuno-inflammatory stimuli 
during pregnancy affected the gene expression profiles of the 
embryos. These changes in gene expression may affect the 
developmental and metabolic status of the offspring, thereby 
increasing their susceptibility to hypertension and obesity.

Introduction

The ‘fetal origins of adult chronic diseases’ theory has been 
proposed in modern developmental biology. This theory 
suggests that several adult chronic diseases, including coronary 
heart disease, type II diabetes and hypertension, originate 
during developmental plasticity in the embryonic and infant 

stages (1-3). Therefore, external stimuli during pregnancy may 
affect embryonic development and play a key role in adult 
chronic diseases (4). One of these diseases is essential hyperten-
sion (EH), which is a common cardiovascular illness. Although 
its etiology has not been fully elucidated, it has been shown that 
the occurrence of EH is associated with the interaction between 
congenital genetic susceptibility and acquired environmental 
factors. Previous studies have mainly focused on the identifica-
tion of relevant susceptible genes, including the use of candidate 
gene approaches and genome-wide scanning (4). To date, >100 
genes have been studied, including those involved in the renin-
angiotensin-aldosterone system, adrenergic receptors of the 
sympathetic nervous system, endothelial functional proteins, 
G-protein signaling proteins, cytokines and ion channels (5-7). 
Although a number of these genes have been shown to be asso-
ciated with EH, they do not fully explain its occurrence.

Previous studies have shown that inflammation is closely 
associated with EH (8,9). In 2002, Parissis et al (10)demonstrated 
that the expression of inflammatory cytokines in the peripheral 
blood of EH patients was increased, and that the increased 
inflammatory cytokine levels during hypertension were mainly 
related to peripheral vascular inflammation and endothelial 
cell dysfunction. Studies by Samuelsson et al (11,12) reported 
that following the stimulation of pregnant rats with IL-6, the 
offspring exhibited elevated blood pressure levels, obesity and 
enhanced activity of the hypothalamic-pituitary-adrenal axis. 
Since hypertension was caused by one single cytokine in these 
studies, this suggests that inflammation may be one of the direct 
causes of EH. However, although the level of inflammatory 
cytokine IL-6 is significantly increased during inflammation, 
IL-6 levels alone do not reflect the immune-inflammatory 
status of the body (13).

Based on the available literature and our experimental 
studies, we hypothesized that prenatal maternal inflammation 
is important in EH pathogenesis. In previous studies conducted 
by our group, lipopolysaccharide (LPS) from the cell wall of 
Gram-negative bacteria and zymosan (Zym), both capable of 
initiating systemic and non-specific inflammatory immune 
responses, were used as immuno-inflammatory stimuli. Either 
LPS or Zym was intraperitoneally injected into female rats 
on gestational days 8, 10 and 12. The 6-week-old offspring of 
these rats displayed significantly higher blood pressure levels 
compared with the respective controls, and at 24 weeks, a hyper-
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tension level of 140 mmHg was observed. Furthermore, the body 
weights of offspring in the experimental group were significantly 
increased compared with that of the controls (14-17).

In the present study, the Affymetrix GeneChip® Rat Genome 
230 2.0 Array was used to investigate expression profile changes 
in the embryos after pregnant female rats were intraperitoneally 
injected with LPS or Zym. Additionally, fluorescent quantitative 
(q)PCR was used to validate the differentially expressed genes 
determined using the microarray analysis. The results of this 
study shed light on embryonic development following immune-
inflammatory stimulation during pregnancy, providing valuable 
information for future studies investigating the association 
between hypertension and inflammation.

Materials and methods

Animals. Pregnant Sprague-Dawley rats (200-250 g) were 
purchased from the Experimental Animal Center of the Third 
Military Medical University (Chongqing, China). The rats were 
raised under the following conditions: 23-25˚C, 60% relative 
humidity, 12-h light/dark cycle, periodic air changes (every 
15 min) and ad libitum access to food and water. This study was 
performed in strict accordance with recommendations in the 
Guide for the Care and Use of Laboratory Animals published by the 
National Institutes of Health (NIH Publication no. 85-23, revised 
1996; http://www.nap.edu/openbook.php?record_id=5140). The 
protocol was approved by the Ethics Committee for Animal 

Figure 1. Expression profiles of genes involved in various biological processes. (A) Upregulated and (B) downregulated genes. The Zym and LPS groups were 
compared with the control group using the GeneChip Rat Genome 230 2.0 Array. Gray bars indicate prenatal exposure to lipopolysaccharide (LPS); black bars 
indicate prenatal exposure to zymosan (Zym).

Figure 2. Expression profiles of genes involved in various cellular components. (A) Upregulated and (B) downregulated genes. The Zym and LPS groups were 
compared with the control group using the GeneChip Rat Genome 230 2.0 Array. Gray bars indicate prenatal exposure to lipopolysaccharide (LPS); black bars 
indicate prenatal exposure to zymosan (Zym).

Figure 3. Expression profiles of genes involved in various molecular functions. (A) Upregulated and (B) downregulated genes. The Zym and LPS groups were 
compared with the control group using the GeneChip Rat Genome 230 2.0 Array. Gray bars indicate prenatal exposure to lipopolysaccharide (LPS); black bars 
indicate prenatal exposure to zymosan (Zym).
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Experimentation of the Third Military Medical University. All 
the surgical procedures were performed under ether anesthesia 
and all efforts were made to minimize suffering.

Model preparation. Fifteen pregnant rats were randomly 
divided into three groups (5 animals/group); the control, LPS 
and Zym groups and animals in these groups were intraperito-
neally injected with 1 ml/kg sterile saline, 0.79 mg/kg LPS or 
8 mg/kg Zym, respectively. The solutions were administered 
between 8:00 and 9:00 a.m. on gestational days 8, 10 and 12. 
Twelve hours after the final injection, the rats were anesthe-

tized and caesarean sections were performed immediately 
under sterile conditions in order to obtain the embryos. One 
embryo was removed from each pregnant rat and placed into 
an RNAlater solution, which was incubated at 4˚C overnight 
and then stored at -80˚C (Qiagen, Mainz, Germany).

Extraction of total RNA. Each whole embryo was homog-
enized and the total RNA was extracted using the Qiagen 
RNA extraction kit (Qiagen). Total RNA then was purified 
using the Qiagen RNeasy Mini Kit (total RNA yield, >45 µg; 
Qiagen).

Figure 4. Analysis of signaling processes involved in DNA replication. Gene expression profiles of rat embryos prenatally exposed to (A) lipopolysaccharide 
(LPS) and (B) zymosan (Zym). The signaling process diagrams were overlaid with gene-expression color criteria and ratios of gene-expression using the  
GenMAPP program. Red, upregulated (ratio >2); pink, upregulated (ratio >1.2); grey, no significant change; white, gene not expressed on the GeneChip Array.
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Microarray hybridization. The One-Cycle cDNA Synthesis kit 
(Affymetrix Inc., Santa Clara, CA, USA) was used to generate 
first- and second-strand cDNA from a sample of total RNA 
(1-8 µg). The synthesized cDNA was purified using the cDNA 
Cleanup Spin Column (Affymetrix Inc.). The cRNA was then 
synthesized and purified using the GeneChip IVT Labeling kit, 
then fragmented to a size range of 35-200 bp for microarray 
hybridization. The microarray hybridization was performed 
by Gene Tech Co., Ltd. (Shanghai, China). The differentially 
expressed genes were determined based on the following two 
criteria: i) signal ratios of >2.0 and <0.5 were considered to be 
upregulated and downregulated genes, respectively; and ii) at 
least one signal of the two signal detection values was required 
to be significantly higher than the backgroud value.

Data analysis. Gene expression changes following 
LPS and Zym stimulation were subjected to pathway 

analysis using the GenMAPP and MAPPFinder programs 
(http://www.genmapp.org). Functional analysis was 
performed based on the biological function classification 
in the Gene Ontology (GO) database (http://www.geneon-
tology.org). More specifically, the analysis was performed 
using three major characteristics; biological processes, 
molecular functions and cellular components. GenMAPP 
classifies signaling pathways into four major groups; cellular 
processes, metabolic processes, molecular functions and 
physiological processes. All the expression profile data 
from the LPS vs. control and Zym vs. control experiments 
were first compiled using the document format required by 
GenMAPP. Subsequently, the two data sets were imported 
into the Expression Dataset Manager of the GenMAPP soft-
ware. In the color sets, the colors were used to indicate the 
up- and downregulated genes, as well as the fold-changes for 
gene expression.

Figure 5. Analysis of signaling processes that regulate the G1 to S phase transition of the cell cycle. Gene expression profiles of rat embryos prenatally 
exposed to (A) lipopolysaccharide (LPS) and (B) zymosan (Zym). The signaling process diagrams were overlaid with gene-expression color criteria and 
ratios of gene-expression using the GenMAPP program. Red, upregulated (ratio >2); pink, upregulated (ratio >1.2); blue, downregulated (ratio >2); light blue, 
downregulated (ratio >1.2); grey, no significant change; white, gene not expressed on the GeneChip Array.
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qPCR. Twenty genes of interest were selected to be examined 
using qPCR. Total RNA extraction and cDNA generation 
were performed according to the manufacturer's instructions 

(Takara Biomedical Technology, Beijing, China). Detection 
was performed using the SYBR® Green PCR Master mix 
(Takara Biomedical Technology). The double-standard curve 

Figure 6. Analysis of signaling processes involved in mRNA processing. Gene expression profiles of rat embryos prenatally exposed to (A) lipopolysaccharide 
(LPS) and (B) zymosan (Zym). The signaling process diagrams were overlaid with gene-expression color criteria and ratios of gene-expression using the 
GenMAPP program. Red, upregulated (ratio >2); pink, upregulated (ratio >1.2); light blue, downregulated (ratio >1.2); grey, no significant change; white, gene 
not expressed on the GeneChip Array.
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method was adopted to perform qPCR analysis for the target 
genes and a housekeeping gene (β-actin) for each sample. The 
amplified products were subjected to melting curve analysis 
to verify their specificity. For each sample, the concentra-
tion of a target gene was divided by that of the housekeeping 
gene to estimate the relative content of the target gene in the 
sample.

Results

Microarray analysis. To determine the differentially 
expressed genes, signal ratios of >2.0 and <0.5 were used 
as the cut-off values for upregulated and downregulated 
genes, respectively. Rat embryos in the LPS group produced 

183 upregulated and 270 downregulated genes, while rat 
embryos in the Zym group generated 144 upregulated and 
417 downregulated genes, both compared with the control 
group. Results of our previous studies demonstrated that the 
prenatal administration of either LPS or Zym caused elevated 
blood pressure levels in rat offspring. Consequently, this study 
aimed to identify genes that changed in the same direction in 
both the LPS and Zym groups. A total of 50 upregulated and 
173 downregulated genes occurred in both the LPS and Zym 
groups. These genes included a number of transcripts with 
unknown functions and several external sequence tags (ESTs). 
With regard to genes with a known function and that were 
shared by the two groups, 10 were upregulated and 85 were 
downregulated.

Figure 7. Analysis of signaling processes for factors involved in translation. Gene expression profiles of rat embryos prenatally exposed to (A) lipopolysac-
charide (LPS) and (B) zymosan (Zym). The signaling process diagrams were overlaid with gene-expression colour criteria and ratios of gene-expression using 
the GenMAPP program. Red, upregulated (ratio >2); pink, upregulated (ratio >1.2); light blue, downregulated (ratio >1.2); grey, no significant change; white, 
gene not expressed on the GeneChip Array.
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Biological function analysis. Functional analysis was classified 
based on biological function annotations in the GO database, 
and was mainly performed using three major characteristics 
(biological processes, molecular functions and cellular compo-
nents). The biological process analysis showed that there were 
fewer upregulated than downregulated genes, and that there 
were even fewer upregulated and more downregulated genes in 
the Zym group. The molecular function analysis demonstrated 
that the differentially expressed genes were involved in a 
variety of biological pathways. The pathways with more differ-
entially expressed genes included genes involved in cellular 
processes, development, metabolism and biological regulation 
(Fig. 1). The cellular component analysis indicated that the 
experimental groups had fewer upregulated than downregulated 
genes (Fig. 2). The focus of the present study was the analysis 
of molecular function, which, as previously stated, involved 
more downregulated than upregulated genes, and this pattern 
was more apparent in the Zym group. Additionally, detailed 
functional analysis showed that the differentially expressed 
genes consisted primarily of binding molecules, proteins with 
catalytic activity, transporters, signal transduction molecules 
and transcriptional regulators (Fig. 3) (18-20).

GenMAPP signaling analysis. The Gene Microarray Pathway 
Profile 2.1 (GenMAPP 2.1) software was used for signaling 
pathway analysis. The database (Biological Pathway Map) was 
composed primarily by the KEGG pathway database (http://
www.genome.jp/kegg), which is a database provided by a 
number of biologists and is maintained by a group of bioinfor-
maticians (21-23).

The analysis of genes associated with DNA replication 
displayed numerous pink and red expression levels, indicating 
that the corresponding genes were highly expressed in the 
experimental groups. Additionally, there was high consistency 
between the LPS and Zym groups. The upregulated genes 
included Orc1l, Cdk2, Mcm10, Gmnn, Rfc5, Rpa3 and PCNA 
(Fig. 4). Analysis of the G1/S regulatory pathways showed that 

there was a similar pattern during DNA synthesis following 
cell division. In particular, the upregulated genes included 
Atm, Mcm family genes and Cdk2. Furthermore, Myt1 was 
downregulated (Fig. 5). Genes involved in mRNA processing 
also exhibited an upregulated pattern that was consistent in 
both experimental groups. The upregulated genes, including 
Hnrpa1, Snrpa and Sf3b4, were mainly involved in mRNA 
splicing (Fig. 6). Several of the translation factors were also 
upregulated in the experimental groups; however, none of these 
genes exhibited a >2-fold increase in expression. Nevertheless, 
these results indicated that the upregulated genes were domi-
nant in the entire process (Fig. 7).

Expression of the majority of downregulated genes was 
observed in calcium regulation pathways, including those 
involved in G-protein signaling, CaM kinase, PKC pathways 
and fibrotic response. Downregulated genes that occurred 
in both experimental groups included Rgs10, Rgs4, Col3a1, 
Col1a1 and Col1a2 (Fig. 8).

Discussion

GO analysis was initially performed in order to analyze the 
data in this study. GO is a collection of databases established 
by the Gene Ontology Consortium, which aims to generate 
a gene product classification standard to annotate gene and 
protein functions for various species. Currently, GO contains 
>12 databases (18). GO is primarily classified into three features; 
biological processes (e.g., orderly integration of molecular 
functions leading to increased biological activities), molecular 
functions (e.g., functions of individual gene products) and cellular 
components (e.g., mainly referring to cellular and subcellular 
structures, locations and macromolecular complexes) (19,20).

In the present study, the distribution of differentially 
expressed genes, in terms of their biological processes, was 
found to vary greatly. Pathways with increased numbers of 
differentially expressed genes were mainly involved in cellular 
processes, development, metabolism and biological regula-

Figure 8. Analysis of genes involved in G-protein signaling and the fibrotic response. Gene expression profiles of rat embryos prenatally exposed to (A) lipo-
polysaccharide (LPS) and (B) zymosan (Zym). The signaling process diagrams were overlaid with gene-expression colour criteria and ratios of gene-expression 
using the GenMAPP program. Blue, downregulated (ratio >2); light blue, downregulated (ratio >1.2); grey, no significant change; white, gene not expressed on 
the GeneChip Array.
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tion. Following the preliminary analysis, classification of the 
differential expression data into one category was difficult; 
therefore, our initial GO analysis focused on molecular func-
tion. The categories for the differentially expressed genes were 
determined to be binding molecules, proteins with catalytic 
activity, transporters, signal transduction molecules and tran-
scriptional modulators, which included cytokines and signal 
transduction proteins, transcription factors, enzymes directly 
involved in metabolism and troponin. The binding molecules 
mainly included genes with protein products that are respon-
sible for nucleic acid and protein binding. The nucleic acid 
binding molecules were mainly regulators of transcription and 
translation, while the protein binding molecules were predom-
inantly receptor binding proteins and signaling proteins. There 
were more downregulated than upregulated genes. This down-
regulation of embryonic gene expression may be important in 
the development of rat offspring. Although their function is 
unclear, these genes may play distinct roles during embryonic 
development.

The GenMAPP software was used to analyze the signaling 
pathways, and the visualization method was used to present 
information regarding the up- or downregulation of factors 
from certain pathways and their fold-change in gene expres-
sion. Using the GenMAPP software, the differentially 
expressed genes from biological processes of interest were 
analyzed (21,22). Our analyses showed that in DNA synthesis, 
G1/S regulation, RNA processing and translational factors, 
the differentially expressed genes were mostly upregulated 
and were highly consistent between the LPS and Zym groups. 
This finding suggests that inflammatory stimulation is highly 
associated with the upregulation of genes involved in DNA 
replication, transcription and translation in rat embryos. Among 
the most important genes, Orc1l, Cdk2, Atm, Mcm10, Gmnn, 
Rfc5, Rpa3 and PCNA are all involved in DNA replication; 
Hnrpa1, Snrpa and Sf3b4 in mRNA processing; and Eif3s9, 
Eif4ebp2, Eif5, Eef1b2 and Etf1 in translation. Differentially 
expressed genes were mainly downregulated in the inflamma-
tory response pathways. For example, Rgs10, Rgs4, Col3a1, 
Col1a1 and Col1a2 were downregulated in both experimental 
groups. It remains unclear whether the downregulation of 
inflammatory response pathways is associated with feedback 
inhibition resulting from maternal inflammatory responses.

Future studies investigating gene expression and gene 
and protein function will allow the underlying molecular 
mechanisms of offspring hypertension resulting from inflam-
matory stimulation during pregnancy to be further elucidated. 
However, it is currently possible to identify a number of 
specific inflammatory factors that are important in the model 
of inflammation-induced hypertension in rodent offspring.
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