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Abstract

The aim of this study was to investigate the roles of Pulmonary Microvascular Endothelial Cell Injury
(PMECI) and Nitric Oxide (NO) system in diabetic sepsis in rats. 64 Wistar rats were randomly divided
into group A (the normal control group), group B (the sepsis group), group C (the diabetes group), and
group D (the diabetic sepsis group), the content of pulmonary Evans blue (EBD) was measured; the
pulmonary microvascular permeability was observed; specific Tyrosine kinase receptor 2 (Tie-2) mRNA
in whole blood was measured by Polymerase Chain Reaction (PCR) assay to understand the amount of
endothelial cells in the circulation; the content of NO in serum/lung tissues, as well as the content of
inducible Nitric Oxide Synthase (iNOS) mRNA/endothelial Nitric Oxide Synthase (eNOS) mRNA in
lung tissues, were detected to observe the roles of NO system. The EBD content in group D was the
highest, followed by group B, and exhibited statistical difference than group A and C (P<0.01); Tie-2
mRNA in group D was significantly increased than the other three groups (P<0.01); the NO contents in
the serum and lung tissues of group B/D were higher than the other two groups. The iNOS mRNA
content in group D was the highest, while that of eNOS mRNA was the lowest, and the differences were
statistically significant (P<0.05). Diabetes associated with sepsis might aggravate endothelial cell injury,
and it was considered to be related with the imbalanced adjustments of the NO system.
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Introduction
Diabetes is prone to cause infections, especially chronic, low-
grade inflammation [1], and the probability of sepsis is
relatively higher [2]. Take acute pancreatitis for example, it has
been demonstrated that diabetes could increases parameters of
systemic inflammation during the process [3]. Nevertheless,
the findings of clinical large-sample epidemiological
investigations about the impacts of diabetes on sepsis are not
consistent, certain studies suggested that diabetes could
increase the mortality of sepsis [4], while Vincent et al. [5,6]
pointed out that diabetes had no effect on the mortality of
sepsis. A large experimental study of sepsis [7] found that
diabetes was not easy to develop into respiratory failure, and
another 383,238-case large-sample study [8] even suggested
that diabetes had protective effects on acute lung injury.
Therefore, the impacts of diabetes on sepsis had become the
controversial issue to be resolved.

Sepsis is a systemic inflammatory response caused by various
pathogenic microorganisms or their toxins present inside blood
or tissues, which is also named as Systemic Inflammatory

Response Syndrome (SIRS) [9]. Currently, it has been
considered that sepsis is not only caused by the infections, but
the state of body's response to the infections should also be
importantly emphasized [10]. Diabetes exhibited the
suppressive status towards the infection-caused inflammatory
response, and it seemed not to support the body’s excessive
activation status when diabetic sepsis occurred, diabetes is
pathologically characterized by microvascular disease, and the
excessive activation of microvascular endothelial cells would
be involved in the pathogenesis of sepsis. We speculated that,
when the infective factors stimulated, the endothelial cells in
diabetic body might appear different changes, and were
involved in the occurrence of sepsis. This is very dangerous
since it has been found that sepsis is the single most common
factor causing Acute Renal Failure (ARF) in diabetes [11]. NO
is one of the most important media that could maintain the
functions of vascular endothelial cells, NO has the roles like
“double-edged sword” inside the body with sepsis, too much or
too little synthesis of NO would injure the body. NO is
transformed from L-arginine (L-arg) under the catalysis of
nitric oxide synthase. Recent studies had found that there
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existed endogenous nitric oxide synthase (NOS) inhibitor in
vivo, namely Asymmetric Dimethylarginine (ADMA), which
could competitively inhibit NOS’s activities, and reduce the
generation of NO. ADMA is the competitive inhibitor of all
three-configuration NOS. DDAH could degrade ADMA, the
disorder of NO synthesis would cause the imbalance of
endothelial cells’ homeostasis, thus involving the pathogeneses
of many diseases. This study observed the changes of NO
regulation system in diabetic sepsis, aiming to investigate the
impacts on the functions of endothelial cells.

Materials and Methods

Animal grouping and model preparation
64 Wistar rats were randomly divided into 4 groups, namely
the normal control group (group A, n=16), the diabetes group
(group B, n=16), the sepsis group (group C, n=16), and the
diabetic sepsis group (group D, n=16). Streptozotocin (STZ,
sigma, USA) was intraperitoneally injected once (60 mg/kg
body weight), group A was injected with the same amount of
citric acid-sodium citrate buffer solution. And the random
blood glucose ≥ 16.67 mmol/l within 48 h meant the success of
preparing the diabetes model. After raised for four weeks, the
Week 4 group and group A were fasted for 12 h, then
intraperitoneally injected E. coli lipoprotein polysaccharide
(LPS, sigma, USA), 10 mg/kg, and sampled 12 h later. This
study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
animal use protocol has been reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of
China Medical University.

Sample preparation
After successfully anesthetized the animal, the abdominal
artery blood was sampled and the right lung lower lobe was cut
and stored at -70°C for RNA extraction. Rats were killed, take
the left lung conventional paraformaldehyde fixation solution
for 1 week, then dehydrated, embedded in paraffin, sliced and
HE staining. Total RNA was extracted from blood and lung
tissue using RNA simple Total RNA Kit (Tiangen, Beijing,
China) according to the manufacturer’s instruction. The
concentration and purity of the RNA in each sample were
determined using a spectrophotometer. Reverse transcription
was performed on 1 μg of total RNA from each sample using
Super M-MLV (BioTeke, Beijing, China) and oligo (dT) 15.
Then the mRNA levels of tie-2, eNOS, iNOS and DDAH2
were measured using RT-PCR (SYBR GREEN method) with
cDNA as template and primers. Mouse GAPDH was served as
an internal control. The relative mRNA level was calculated
using 2-ΔΔCT method [12]. Primers for quantitative real time
PCR, Primer sequences (TAKARA Co., Japan).

DDAH2-F: 5’-CAGATGACGCAGCGAGTG-3’;

DDAH2-R: 5’-CCAGTTCCGAGCAGGACA-3’;

iNOS-F: 5’-TCACCTATCGCACCCG-3’;

iNOS-R: 5’-CACTCCGCACAAAGCAG-3’;

eNOS-F: 5’-CTGGCAAGACAGACTACACGA-3’;

eNOS-R: 5’-CATCGCCGCAGACAAAC-3’;

GAPDH-F: 5’-TGTGTCCGTCGTGGATCTGA-3’;

GAPDH-R: 5’-TTGCTGTTGAAGTCGCAGGAG-3’.

Determination of Evans blue permeability
2% Evans blue (EBD, 20 mg/kg, sigma, USA) was injected
through tail vein, 1h later, used saline to wash pulmonary
vascular bed, cut the right lung lower lobe, weighed, added
formamide and performed homogenization, then incubated at
37°C for 18 h and centrifuged at 12000 rpm for 20 minutes, the
supernatant was then taken for measuring the OD value at 620
nm, the EBD content was then determined according to the
standard curve.

Statistical analysis
The results were presented as means ± SD. Differences
between groups were conducted using a one-way Analysis of
Variance (ANOVA) and Bonferroni’s Multiple Comparison.
The processing of the data and figures was performed using
SPSS15.0 software. P<0.05 was considered to be significant.

Results

Pathological section with HE staining
Compared with Group A, the alveolar walls were thickened
with pulmonary interstitial hyperplasia in Group B, as well as
angiogenesis and inflammatory cell infiltration, including
macrophages, plasmocyte and lymphocytes (Figures 1A and
1B); Group C mainly assumed lung consolidation and effusion,
alveolar septum, infiltration with macrophages/eosinophils/
neutrophils, is thickened, with telangiectasia and punctate
hemorrhage (Figure 1C). While the inflammatory reaction in
Group D was remitted than Group B with a few macrophages,
which was closed to alveolar and organizational structure of
the normal alveolar septa with slightly thickened (Figure 1D).

Figure 1. The lung of rat in different groups.
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EBD contents in lung tissue
The EBD content in group D was the highest (3.76 ± 0.77 mg/
ml), and equivalent to 2-fold of that in group B, while the
contents of EBD in group A and C were both <1 mg/ml, there
was statistically significant difference between group B and A
(P<0.01), and there was significant difference between group D
and the other three groups (P<0.01, Table 1).

Table 1. EBD contents in lung tissues of each group.

Group Rats (n) EBD content in lung tissues (mg/ml)

A 5 0.70 ± 0.21

B 5 1.74 ± 0.24**

C 5 0.93 ± 0.06

D 5 3.76 ± 0.77**#

**Compared with group A, P<0.01; #Compared with group B, P<0.01; group C
exhibited the increasing trend than group A, while the difference was not
statistically significant (P=0.41).

Tie-2mRNA expression in whole blood
The relative expressions of Tie-2 mRNA in Groups D and B
were significantly higher than those in groups A and C, among
which the relative expression of Tie-2 mRNA in group D was
nearly 5-fold of that in group B, and more than 50-fold than
those in groups A and C, and the differences were statistically
significant (Table 2, P<0.05).

Table 2. Relative expressions of Tie-2 mRNA in whole blood in each
group.

Group Rats (n) Tie-2 (2-ct)

A 6 0.32 ± 0.11

B 6 3.99 ± 0.93*

C 6 0.60 ± 0.16

D 6 19.72 ± 2.01*#

Note: *Expression increased than group A, P<0.05, #Expression increased than
group B, P<0.01; *Expression increased than group A, P<0.05, #Compared with
group B.

NO contents in serum and lung tissue homogenate
Group B exhibited the highest serum NO content, followed by
group D, and there was significant difference between these
two groups, the contents of NO in groups A and C were close,
while far lower than those in groups B and D, and the
differences were statistically significant (P<0.01, Table 3). The
differences in the NO content in lung tissue homogenate
among the groups were less than the differences in serum NO
contents, group D exhibited the highest content, about 2-fold
than group B, 3-fold than group C, and 5-fold than group A,
there were statistically significant differences between group A
and the other three groups (P<0.05), and the differences

between group D and the other 3 groups were also statistically
significant (P<0.05, Table 4).

Table 3. Serum NO content in each group.

Group Rats (n) Serum NO content (μmol/l)

A 6 22.66 ± 3.18

B 5 188.30 ± 5.18**

C 5 31.57 ± 8.14*

D 5 123.13 ± 4.24**#

Compared with group A, **P<0.01; *Compared with group A, P<0.05,
#Compared with group B, P<0.01.

Table 4. NO content in lung tissue homogenate of each group.

Group Rats (n) NO content in lung tissues (μmol/l)

A 6 10.37 ± 1.29

B 6 23.63 ± 3.92**

C 6 16.94 ± 1.62*

D 6 53.62 ± 6.70**#

Compared with group A, **P<0.01; *Compared with group A, P<0.05,
#Compared with group B, P<0.01.

Expressions of NO synthase mRNA in lung tissues
There was no difference in the expressions of eNOS among
groups A-C, (P>0.05), while that in group D was lower than
group A (P<0.05, Figure 2); the expressions of iNOS in groups
B-D were higher than group A, and that in group D was higher
than group C (P<0.05, Figure 3). The levels of DDAH2 mRNA
in groups C and D were lower than group A (P<0.01 and
P<0.05); and that in group D was lower than group C (P<0.05,
Figure 4).

Figure 2. The expressions of NOS mRNA in lung tissues among the
four groups by RT-PCR assay showed that there was no difference
among groups A-C (P>0.05), while that in group D was reduced than
group A (P<0.05).

Roles of pulmonary vascular endothelial cell injury and dimethylarginine-dimethylaminohydrolase/nitric oxide
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Figure 3. Expression detection of iNOS mRNA in lung tissues among
the four groups by RT PCR, the results showed that the expressions in
groups B-D were higher than group A, and that in group D was
higher than group C (P<0.05), **Compared with the normal group,
P<0.01; #compared with the pure sepsis group P<0.05.

Figure 4. Expression detection of DDAH2 mRNA in lung tissues
among the four groups by RT PCR, the results showed that the
expressions in groups C and D were lower than group A (P<0.01,
P<0.05), and that in group D was lower than group C (P<0.05),
**Compared with the normal group, P<0.01; *Compared with the
normal group, P<0.05; #compared with the pure sepsis group
P<0.05.

Discussion
Sepsis is a systemic inflammatory response caused by various
pathogenic microorganisms or their toxins present inside blood
or tissues. As the body's response to the infections, the status of
the body would determine the degrees of its occurrence and
severity. Normal body would not cause sepsis, and many
diabetic patients were susceptible to the infection-caused
sepsis, which is a common cause of death [13]. Numerous
studies had shown that diabetes displayed the inhibitive status
towards the inflammatory responses, namely the production of
pro-inflammatory cytokines (TNF-α, IL-12, NO) would be
reduced while the anti-inflammatory cytokines (IL-4, IL-10)
[12-17] would be increasingly generated. These results seemed
not to support the body’s excessive activation status when
diabetic sepsis occurred, although diabetes or hyperglycemia
exhibited the inhibitive status towards LPS-induced
inflammatory responses, it might also be related with the fact

that diabetes was prone to cause infections and clearance
barriers towards the pathogens, which would resulted in the
difficulties in controlling the infections, therefore inducing
sepsis [18]. The pathological results of this study displayed that
the inflammation changes in group D were not aggravated than
group B, which also proved that the inflammatory responses
were inhibited.

The occurrence of diabetes is based on microangiopathy
pathologically, and the excessive activation of microvascular
endothelial cells would be involved in the pathogenesis of
sepsis, we speculated that when the infective factors
stimulated, the endothelial cells in diabetic body might appear
different changes, and were involved in the occurrence of
sepsis. The indicators used for monitoring VECs functions
included soluble mediators and circulating cells, the former
included serum von Willebrand factor (vWF), soluble
thrombomodulin, soluble adhesion molecules (E-selectin,
intercellular adhesion molecule-1 and vascular cell adhesion
molecule-1), and the latter included CEC and Endothelial
Progenitor Cells (EPC). In contrast, as the indicator to assess
the endothelial functions, thrombomodulin and adhesion
molecules were susceptibly affected by other cells (platelets
and neutrophils would also express these proteins), while vWF
and circulating cells were more reliable. CEC is that inside the
circulating blood, and under normal circumstances, certain
number of CEC is the metabolic result of VECs. When in
pathological situations, the number of CEC would exhibit can
significant changes, therefore it could directly and specifically
reflect the injury of CEC inside the body, and mainly reflect
the shedding injury of endothelial cells [19]. Tie-2 is the
indicator specific for endothelial cell injury [20], measuring the
expression level of its mRNA could indirectly reflect the
content of endothelial cells inside the circulation. This study
replicated the diabetic rat model through intraperitoneally
injecting STZ, when LPS induced sepsis, the much more
serious lung microvascular permeability of EBD was observed
than group B, the water content in lung and the endothelial
cells inside the circulation were also increased, indicating the
injury of endothelial cells was much more severe, so that the
lung permeability of EBD was increased, the water content in
lung was increased, suggesting the lung endothelial
permeability was increased. The above results indicated that
LPS could induce the diabetic patients to occur much more
severe activation and injury in microvascular endothelial cells,
as well as pulmonary edema, thus causing the occurrence of
ARDS and sepsis.

Microcirculation includes capillaries, arterioles and venules,
with the diameters ranging within 5-250 μm, the vast majority
of the endothelial cells are distributed inside the
microcirculation rather than the main arteries and veins.
Therefore, microcirculation would be essential towards the
homeostatic adjustment of cardiovascular functions and body
organs’ functions. The activation and injury of endothelial cells
is the main mechanism of microcirculation disorder, in which
the compactness of endothelial cells are changed, endothelial
cells shed from the basal membrane, thus exhibiting the
increasing of vascular permeability and endothelial cells inside
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the circulation, leakage of macromolecules, migration and
adhesion of leukocytes towards endothelial cells, followed by
extensive tissue edema, injury and organ dysfunctions, even
death [21]. Many mechanisms are involved in this
pathophysiological process, among which the adjustment
imbalance of iNOS and eNOS is one of the important
pathogeneses [22]. Under physiological conditions, eNOS
would be less expressed, with its important role to maintain the
non-thrombotic surface of vascular endothelium. When in
sepsis, its expression would be reduced [23], and its protective
effects on vascular endothelial cells would thus disappear;
meanwhile, it’s also an important molecule to maintain the
tight junctions among vascular endothelial cells [24], which
would particularly important for lung vascular functions.
Studies had found that compared with the endothelial cells in
the systemic circulation, the production of endothelial NO
inside lung tissues was only protection factor towards LPS
caused acute lung vascular injury [25], therefore, the
generation of eNOS by NO would be particularly important for
lung vascular functions. Bernardini found that LPS could
decrease the activity and protein expression of eNOS in
cultured bovine aortic endothelial cells [26]. 12 h culture of
LPS could cause the expression reduction of eNOS in lung
tissues [27]. And in sepsis, even the expression of eNOS was
increased, it would be invalid, because decoupling would
increase the NADPH oxidase-generated superoxide anion, so
that the activity of NO would be decreased [28].

Furthermore, it might affect eNOS’s spatial conformation,
making its distance to the cell membrane or Golgi membrane
increased [29]. iNOS would be overproduced in sepsis and
participate the injury towards the endothelial cells, while it
would be hardly expressed under physiological conditions.
Transgenic animal experiments had shown that the
overexpression of eNOS could decrease the mortality in LPS-
induced septic animals [30]; and the specific iNOS inhibitor L-
MAME could reduce the mortality. Several studies had
demonstrated that the increasing of NO synthesis in lung
tissues in ALI was caused by the increasing of iNOS induction
[31-33].

Therefore, there existed NO adjustment imbalance in sepsis.
This study confirmed there would be more serious NO
adjustment imbalance in the patients with diabetes pus sepsis,
which mainly manifested as: eNOS was reduced, the
expression of iNOS was increased much more significantly,
NO adjustment was much more disordered, so that the
endothelial cell injury would be much more aggravated.

As for the NO levels, the contents of LPS were increased both
inside the circulation and in lung tissues, while the local NO
content in lung tissues would be further increased in diabetic
sepsis, therefore it might be involved in the occurrence of lung
microvascular injury [34]. The content in group B was lower,
which might be interpreted as that the endothelial cells in large
vessels would exhibit different reactions to LPS stimulation,
thus participating the tension adjustment of large vessels.
Studies had shown that after STZ induced diabetes, the
intraperitoneal injection of LPS in diabetic rats exhibited no

difference in the amount of NO produced by the aorta than that
in normal rats after LPS injection, but the former exhibited the
reduced reactivity towards phenylephrine than the latter [35].

In short, diabetes would aggravate the imbalance of endothelial
NO system in LPS-caused sepsis, and it might be involved in
endothelial cell injury, which manifested as the endothelial cell
shedding inside the circulation and the pulmonary
microvascular permeability were increased, tissue edema and
organ dysfunction.
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