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Abstract. The present study aimed to evaluate the effect of 
ulinastatin (UTI) on renal perfusion using Doppler ultrasonog‑
raphy in a porcine model of septic shock induced by smoking 
inhalation and live methicillin‑resistant Staphylococcus aureus 
instillation. A total of 32 healthy Landrace pigs were randomly 
assigned into the following four groups: Sham group (SH; 
n=5), septic shock group (SS; n=9), septic shock treated with 
vancomycin (15 mg/kg) group (VAN; n=9) and septic shock 
treated with UTI (50,000 U/kg) + vancomycin (UTI; n=9) 
group. Renal perfusion was evaluated by contrast‑enhanced 
ultrasound (CEUS) at baseline and at the end of the 

protocol (24 h). The spectrum of interlobar or arcuate artery 
was selected to calculate the corrected resistive index (cRI). 
Sulphur hexafluoride microbubbles were bolus injected via a 
venous catheter. The peak intensity (Pi) and area under curve 
(AUC) were calculated using a time‑intensity curve. Compared 
with the baseline group, cRI was increased significantly at the 
end of the protocol, except for that in the SH group, whereas 
Pi decreased significantly after injury in all experimental 
groups but was higher in the UTI group compared with that 
in the SS and VAN groups (both P<0.001). Linear correlation 
was found between the cardiac output (CO) and Pi (R2=0.752; 
P<0.001). The AUC was significantly decreased after injury 
in the SS and VAN groups compared with the baseline group. 
All parameters detected by CEUS were improved in the UTI 
group, and significant differences were found between the 
UTI and SS or VAN group (all P<0.05). In conclusion, acute 
renal injury, which occasionally occurs during septic shock, 
is accompanied with a significantly lower perfusion rate in 
the renal microcirculation. By contrast, UTI can significantly 
improve renal perfusion, which can be reliably evaluated using 
CEUS.

Introduction

Multiple organ dysfunction induced by severe infection, 
sepsis and septic shock is one of the main causes of mortality 
in patients who are critically ill (1). Although treatment strat‑
egies have been gradually improving over the past decades, 
there remain to be obstacles regarding complications induced 
by pathophysiological processes, including acute renal injury 
(AKI). AKI occurs in ~19% patients with moderate sepsis, 
23% of patients with severe sepsis and 51% patients with 
septic shock when blood bacterial cultures are positive (1). 
The hemodynamic fluctuation during septic shock entails 
a phase of high cardiac output (CO) with low peripheral 
vascular resistance, followed by low CO with high peripheral 
resistance  (2). The reaction to low CO in renal perfusion 
is different from other organs, which makes a more severe 
decrease in renal perfusion due to hypo‑hemodynamic 
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fluctuation than other organs when the patients suffer with 
sepsis (2).

Color Doppler flow imaging (CDFI) is a rapid, noninvasive 
and replicable technology for AKI detection, which has been 
used to assess changes in renal perfusion in patients who are 
critically ill  (3,4). In addition, contrast‑enhanced ultrasound 
(CEUS) allows for a more accurate noninvasive estimation of 
the renal blood flow and provides quantitative measurements of 
local blood volume and velocity in selective regions of interest 
(ROI). Ulinastatin (UTI) is a human protease inhibitor that can 
be only isolated from the male urine because of the influence of 
estrogen, and it represents a glycoprotein with a typical Kuniz 
protease inhibitor structure (5,6). UTI that has a broad spectrum 
of enzyme inhibitory activity (5,6). Therefore, UTI has been used 
clinically for the prevention of multiple organ dysfunction (7,8). 
However, there are few studies regarding its effect on AKI

The aim of the present study was to assess the potential 
effect of UTI on renal perfusion using Doppler ultrasonog‑
raphy in a porcine model of septic shock.

Materials and methods

Animal preparation. A total of 32 healthy male Landrace 
pigs aged 8‑10 weeks and weighing 30±2 kg, purchased from 
Lvyuanweiye Co. (license no. SCXK 11‑00‑002), were housed 
in cages at 20‑25˚C and humidity of 30‑60% maintained 
by air conditioner with free access to food and water before 
the experiment. The room had a 12‑h light/dark cycle. The 
present study was performed with the approval of the Ethics 
Committee of Beijing Chao‑Yang Hospital, Capital Medical 
University (Beijing, China). Animal experiments were 
performed in accordance with the National Research Council's 
1996 Guide for the Care and Use of Laboratory Animals (9).

Anesthesia was induced by midazolam (0.2 mg/kg, injected 
intramuscularly), followed by continuous intravenous infusion 
of pentobarbital (8 mg/kg/h) and fentanyl (5 µg/kg/h) for 
analgesia according to guidelines (9‑12). Ringer's solution was 
administered intravenously to maintain sufficient preload. The 
right femoral artery and vein were dissected to insert a 5‑Fr 
PiCCO catheter (Pulsiocath PV2015L20; Pulsion Medical 
Systems SE) into the descending aorta and to insert a central 
venous catheter (cat. no. CV‑17702‑E; Arrow International, 
Inc.) into the right atrium. The arterial and central venous 
catheters were connected to a monitor (Philips Medical 
Systems B.V.) to continuously monitor the hemodynamics and 
blood temperature.

After anesthesia, all animals were intubated using a 
cuffed 6.5‑mm endotracheal tube. Mechanical ventilation was 
provided by a ventilator (Evita 4; Dräger Medizintechnik) 
with a tidal volume of 8 ml/kg, a respiratory frequency of 
12  breaths/min and a positive end‑expiratory pressure of 
5 cm H2O. The arterial oxygen saturation (SaO2) and end tidal 
concentration of CO2 (EtPCO2) were continuously measured 
by the monitor. The respiratory frequency and the fraction of 
inspired oxygen (FiO2) were adjusted to maintain an EtPCO2 
of 35‑40 mmHg and an SaO2 of >90%.

Experimental protocols. Baseline data were obtained after 1 h 
of model establishment. Animals were randomly assigned to 
the following four groups: i) The sham group (SH; n=5); ii) the 

septic shock group (SS; n=9); iii) the septic shock treated with 
vancomycin group (VAN; 500 mg; Eli Lilly and Company; 
n=9); and iv) the septic shock treated with UTI (50,000 U; 
Guangdong Techpool Bio‑Pharma Co. Ltd.) + vancomycin 
group (UTI; n=9). The number of animals was confirmed 
according to a previous investigation (12). No other procedures 
were performed in the SH group apart from catheter insertion 
and mechanical ventilation. All animals in the three experi‑
mental groups were exposed to smoke from 50 g burning 
cotton using a bee smoker according to previously described 
methods  (13‑15). Arterial carboxyhemoglobin levels were 
measured using a portable monitor (Rad‑57; Masimo Corp.) 
to ensure that each animal had received an equivalent dose 
of smoke. After 12 breaths of cotton smoke were insufflated 
into the lungs, animals were allowed to breathe normal air for 
2 min. Four sets of smoke inhalations (12 breaths of smoke, 
2 min rest, 12 breaths of smoke; total of 48 breaths) were 
performed.

Live methicillin‑resistant Staphylococcus aureus 
(MRSA), which was separated from the blood of a middle‑aged 
male patient with blood infection (12), was cultured at the 
bacterial experimental lab of Chao‑Yang Hospital (Beijing, 
China). Following smoking injury, 3x1011  cfu MRSA 
suspended in 30 ml sterile saline were instilled into the 
lungs of animals except for the sham group using a broncho‑
scope (12). Subsequently, 15 mg/kg vancomycin or 15 mg/kg 
of vancomycin + 50,000 U/kg UTI dissolved in 100 ml saline 
were infused into the central venous catheter every 12 h in 
the VAN and UTI group, respectively. Before the humane 
endpoints of the study, 10 ml blood were sampled into an 
aerobic culture bottle (BacT/ALERT FA; bioMérieux Inc.) 
for blood culture.

All animals were continuously monitored during the entire 
protocol. The humane endpoints of the study were 24 h after 
modeling or no pulse signal detected on the monitor. After 
that, euthanasia was performed by the infusion of overdose 
pentobarbital (40 mg/kg) followed by a lethal dose potassium 
chloride (15% KCl 500 mg/kg) in accordance with the AVMA 
guidelines for the euthanasia of animals (16,17). Death was 
confirmed by the cessation of vital signs, which were shown as 
the single lines of pulse and electrocardiograph on the monitor. 
The right kidney was then dissected for histopathology testing. 
The diagram of experimentation is presented in Fig. 1.

Hemodynamics. A total of 10 ml of 4˚C saline was injected 
into the right atrium through the central venous catheter at 0 
(baseline), 2, 6, 12 and 24 h to determine CO using the ther‑
modilution method (18). Systemic vascular resistance (SVR) 
was calculated by the monitor. All animals were anaesthetized 
continuously for 24 h. Heart rate (HR) and mean arterial 
pressure (MAP) were recorded continuously.

A total of 1 ml arterial blood samples for blood gas and 
lactic acid (Lac) analysis (GEM Premier 3000 Blood Gas 
Analyzer; Instrumentation Laboratory) were collected from 
the PiCCO catheter at the baseline and 24 h after injury.

CDFI and CEUS. CDFI and CEUS were performed on the 
right kidney at the baseline and the end of the protocol (24 h) 
by an experienced ultrasound physician who was blinded to 
the study, using an ultrasound system (Aplio 500 TUS‑A500; 
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Canon Medical Systems Corporation). The probe was put 
on the right side of the animal's abdomen to obtain a clear 
image of the right kidney. An interlobar or arcuate artery 
was selected to obtain result from the measurement. The 
spectrum was considered optimal when ≥ three similar 
consecutive waveforms were visualized (Fig.  2A‑D). The 
corrected resistive index (cRI) was calculated using the 
following equations (3). Three measurements were performed 
and averaged to obtain the mean cRI value. RI=(peak systolic 
velocity-minimum diastolic velocity)/peak systolic velocity. 
cRI=[observed RI -0.0026 x (80-observed HR)].

For CEUS, 2 ml sulphur hexafluoride (SF6) microbubbles 
(8 µl SF6/ml; SonoVue®; Bracco Suisse SA) were bolus injected 
via the central venous catheter. ROI (26 mm2) was manually 
drawn within the renal cortex to create a time‑intensity curve 
(TIC) with the QLAB software (Philips Healthcare). The 
peak intensity (Pi), area under the curve (AUC), time from 
peak to one half (Th), time to peak (Tp) and wash‑in slope 
(Slope) were calculated by the QLAB software automatically 
(Fig. 3A‑D and Videos S1‑4). Three injections were done at 
intervals of 5 min to obtain an average value. The same renal 

cortex ROI was used to prevent the influence of the respiratory 
motion for each bolus injection.

Pathology and apoptosis assay. After the animals were 
euthanized, the upper pole of right renal cortex was surgi‑
cally removed and preserved in 4% paraformaldehyde >24 h 
at room temperature. For light microscope (LM) observation, 
paraffin embedded tissues were cut as a 10 µm thickness. After 
dewaxing and rehydration, H&E staining were performed 
at room temperature for 10 min. Dehydrated slices were 
sealed by neutral gum and covered with glass. Subsequently, 
a grade of renal injury of semi‑quantitative evaluation was 
performed in each animal (Table  I) under LM at x400 
magnification according to previous study  (19). TUNEL 
assay was used to label cells in tissues that suffered severe 
DNA damage/fragmentation induced by apoptotic signaling 
cascade activation. The prepared 10 µm sections were incu‑
bated for 60 min at 37˚C with TUNEL reagent according 
to the manufacturer's protocol (cat. no. C1091; Beyotime 
Institute of Biotechnology). After hematoxylin counterstain 
for 10 sec at room temperature, TUNEL‑positive cells, which 

Figure 1. Schematic representation of the protocol in the present study. SS, septic shock group; UTI, ulinastatin group; VAN, vancomycin group; 
MRSA, methicillin‑resistant Staphylococcus aureus.
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were colored brown, were counted to determine the apoptotic 
index (AI) under LM at x400 magnification. AI=apoptotic 

cells staining brown/total TUNEL‑positive cells x100%. The 
pathological evaluations were performed by an independent 

Figure 3. Representative CEUS images. For CEUS, 2 ml sulphur hexafluoride microbubbles were bolus injected via the central venous catheter. A ROI 
(26 mm2; green square) was manually drawn within the renal cortex to create a time‑intensity curve with the ultrasound system's QLAB software (red curves). 
The peak intensity, area under the curve, time from peak to 50% of maximum, time to peak and wash‑in slope were calculated by the software automatically. 
(A) SH group. (B) SS group. (C) VAN group. (D) UTI group. CEUS, contrast enhanced ultrasound; SH, sham group; SS, septic shock group; VAN, vancomycin 
group; UTI, the ulinastatin group; ROI, region of interest.

Figure 2. Representative color Doppler flow and contrast enhanced ultrasound images. Doppler gain was set in order to obtain a clear outline of flow waves 
with minimal background noise. An interlobar or arcuate artery was selected and the results were displayed automatically on the screen. (A) SH group. (B) SS 
group. (C) VAN group. (D) UTI group. SH, sham group; SS, septic shock group; VAN, vancomycin group; UTI, the ulinastatin group; ROI, region of interest.
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pathologist who has >10 years of experience and was blinded 
to the present study.

Another part of the specimens was double fixed in 
2.5% glutaraldehyde solution at 4˚C for 4 h with Millonig's 
phosphate buffer (pH=7.3). The samples were incubated for 
1 h in 1% osmium tetroxide, then placed into 1:1 mix of 

acetone and epoxy resin for 12 h and 100% epoxy resin to 
polymerize overnight at 37˚C. For the solidifying process, the 
samples were left to polymerize at 37˚C, 60˚C and 72˚C for 
24 h respectively, then 50‑100 nm ultrathin sections of the 
specimens were obtained. After 3% uranyl acetate and 3% 
lead nitrate double staining for 30 min, the specimens were 

Figure 4. Hemodynamics. All parameters in the SH group remained at a relatively normal level throughout the entire protocol. The changes in the VAN 
group were similar to those in the SS group. (A) In the UTI group, HR decreased slowly 12 h after injury. (B) In the SS and VAN group, MAP decreased to 
60‑70 mmHg 2 h after injury, which remained at a low level. In the UTI group, MAP was improved progressively 6 h after injury. Changes in the (C) CO and 
(D) SVR in the SS and VAN groups were in the opposite direction: CO increased 2 h after injury and then decreased, whereas SVR decreased at the same time 
point then increased. The fluctuations in CO and SVR in the UTI group were ameliorated. *P<0.05, **P<0.01 vs. the SS group; ##P<0.01 vs. the VAN group; 
$P<0.05, $$P<0.01 vs. the UTI group. HR, heart rate; MAP, mean arterial pressure; CO, cardiac output; SVR, systemic vascular resistance. SH, sham group; SS, 
septic shock group; VAN, vancomycin group; UTI, ulinastatin group.

Table I. Pathologic change for a semi‑quantitative evaluation of kidney injury.

Grade	 Pathological changes under light microscope

0, Normal	 Normal renal histopathology
1, Mild	 Mild interstitial edema, renal tubular necrosis, slight glomerular capillary angiectasis and inflammatory cell
	 infiltration
2, Moderate	 Pathologic changes of renal between mild and severe	
3, Severe	 Severe interstitial edema, renal tubular necrosis, severe glomerular capillary angiectasis, mesangial 
	 proliferation and severe inflammatory cell infiltration	
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observed under a transmission electron microscope (TEM; 
HT7700; Hitachi, Ltd.).

Statistical analysis. Statistical analysis was performed on SPSS 
19.0 software (IBM Corp.). Continuous variables with normal 
distribution were confirmed using Kolmogorov‑Smirnov test, 
were presented as the mean ± SD. The mixed two‑way ANOVA 
was used to analyze the effect of time as a repeated measure 
and treatment groups as a between‑subjects factor. Subsequent 
analyzes of specific differences at individual time points were 
performed with Bonferroni test. Ordinal data (grade of renal 
injury) were presented as median (IQR) and compared with 
Kruskal‑Wallis followed by Dunn's test. Linear regression was 
performed to determine associations between the parameters. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Outcomes. No significant differences in blood temperature 
at baseline were found among the four groups (P=0.954). A 
rapid increase in blood temperature to >40˚C was observed in 
the three experimental groups within 2 h after injury, whilst it 
remained normal in the SH group during the entire protocol. 
In total, one animal in the SS and VAN groups died at 16 h 
and 20 h after injury, respectively. All other animals remained 
alive until the end of protocol. All blood cultures of the SH, 
VAN and UTI group were tested negative, whereas six of the 
nine animals in the SS group were tested positive for MRSA 
(data not shown).

Hemodynamics and oxygenation. All parameters, including 
HR, MAP, CO and SVR, in the SH group stayed at a relatively 
normal level throughout the entire protocol. HR increased 
significantly in the SS group compared with the SH and UTI 
group, which was higher than 133±7 beats/min 2 h after injury. 
The changes in HR in the VAN group were similar to those in 

the SS group. However, HR decreased slowly 12 h after injury 
in the UTI group, with significant differences compared with 
that in the SS and VAN groups (Fig. 4A).

In the SS and VAN groups, MAP decreased to 
60‑70 mmHg 2 h after injury, which remained low thereafter. 
MAP in the UTI group was also decreased 2 h after injury, but 
improved progressively thereafter, with significantly higher 
values in comparison with the SS or VAN groups at each 
time point from 6 h after injury onwards (Fig. 4B). Opposite 
trends in the changes in CO and SVR in both SS and VAN 
groups were found. CO increased 2 h after injury and then 
decreased (Fig. 4C). By contrast, the SVR decreased at 2 h 
and then increased (Fig. 4D). The magnitude of the fluctuation 
in CO in the UTI group were not as large as that in the SS 
and VAN groups (Fig. 4C). In addition, at 24 h after injury, 
CO was significantly higher in the UTI group compared with 
that in the SS or VAN group (Fig. 4C). SVR in the UTI group 
increased slightly at 6 h after injury, then remained stable at 
the level of slightly higher than that in the SH group thereafter 
(Fig. 4D). However, it was significantly lower compared with 
that in the SS or VAN group (Fig. 4D).

In the SS and VAN groups, the ratio of the partial pres‑
sure of arterial oxygen (PaO2) to FiO2 was decreased after 
modeling, which remained at <200% (Fig. 5A). The PaO2/FiO2 
ratio in the UTI group was higher compared with that in the 
SS and VAN groups, but lower than that in the SH group 
(Fig. 5A). Lac levels were significantly increased in all three 
of the experimental groups compared with those in the SH 
group, but lac levels were lower in the UTI group compared 
with those in the SS and VAN groups (Fig. 5B).

CDFI and CEUS results. No significant difference of cRI 
was observed at the baseline among all four groups, but cRi 
increased significantly at 24 h compared with the baseline 
except for that in the SH group (Fig. 6A). However, a signifi‑
cant difference of cRI was found between each experimental 
group and that in the SH group (Fig. 6A).

Figure 5. Oxygenation and Lac. (A) A total of 24 h after the baseline, the PaO2/FiO2 ratio in the UTI group was higher than the SS and VAN group but 
lower than that in the SH group. (B) On the contrary, the Lac concentration in the UTI group was lower than the SS and VAN group. **P<0.01 vs. the SS 
group; ##P<0.01 vs. the VAN group; $$P<0.01 vs. the UTI group. SH, sham group; SS, septic shock group; VAN, vancomycin group; UTI, ulinastatin group; 
PaO2, partial pressure of arterial oxygen; FiO2, fraction of inspired oxygen; Lac, lactic acid.
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The Pi decreased significantly after injury in all experimental 
groups except the SH group, but was higher in the UTI group 
compared with that in the SS and VAN groups (P<0.001; Fig. 6B).

Similar to Pi, the AUC decreased after injury in the SS and 
VAN groups, but was improved in the UTI group (Fig. 6C). 

Significant differences were identified between the UTI and 
SS or VAN groups, but were not found between the SH and 
UTI groups (Fig. 6C).

Compared with the baseline, the Th and Tp both increased 
significantly in the SS and VAN groups (Fig. 6D and E), 

Figure 6. CDFI and CEUS. (A) cRI increased significantly at the end of the protocol except for that in the SH group. (B) Peak intensity decreased significantly 
after injury in all experimental groups. The improvement was higher in the UTI group than that in the SS and VAN groups. (C) AUC decreased after injury 
in the SS and VAN groups, but was improved in the UTI group. (D) Time from peak to 50% of maximum and (E) time to peak significantly increased in the 
SS and VAN groups, but were improved by UTI treatment. (F) Wash‑in slope significantly decreased in the SS and VAN groups, but was improved by UTI 
treatment. *P<0.05, **P<0.01 vs. the SS group; ##P<0.01 vs. the VAN group; $P<0.05, $$P<0.01 vs. the UTI group. CDFI, color doppler flow imaging; CEUS, 
contrast enhanced ultrasound; cRI, corrected resistive index; AUC, area under the curve. SH, sham group; SS, septic shock group; VAN, vancomycin group; 
UTI, ulinastatin group.
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whereas the wash in slope decreased significantly. All of the 
parameters aforementioned were improved by the UTI treat‑
ment, where significant differences were found between the 
UTI and SS or VAN groups (Fig. 6D‑F).

An association was identified by linear regression analysis 
between the CO and Pi in all groups (Fig. 7). The regression 
coefficients of the four equations were 7.71, 8.06, 7.81 and 7.43, 
respectively, and since they were similar, CO could be used 
as a covariate to perform the mixed two‑way ANOVA again. 
Interestingly, the significant differences of Pi among the groups 
disappeared, which indicated that the decreased Pi in the SS, 
VAN and UTI group could be attributed to the decreased CO.

Renal histopathology. Compared with that in the SH group, 
renal injury was prominent in all experimental groups 
(Fig. 8A‑D), especially in the mesenchyme. Glomerular capil‑
lary hyperemia, fibroblast proliferation near the glomerulus, 
micro‑thrombus formation and diffusive inflammatory cell 
infiltration in the mesenchyme were observed. Under the LM, 
there was little to no injury in the SH group. The grade of renal 
injury was higher in the three experimental groups compared 
with that in the SH group, but it was lower in the UTI group 
compared with that in the SS and VAN groups (Table  II). 
TUNEL assay revealed that there was higher AI in the SS and 
VAN groups than those in the SH and UTI groups where a 
significant difference was found between the UTI and SS or 
VAN groups (Fig. 8E‑H; Table II).

Under TEM in the SS group, the epithelial degenerating 
chromatin was presented as nuclear cavitation, which demon‑
strated the cell apoptosis, whilst the mitochondria swelled, and 
the cristae disappeared (Fig. 9A and B).

Discussion

In total, 5‑20% patients who are critically ill experience an 
episode of AKI during the course of illness, which in many 
cases are accompanied with multiple organ dysfunction 
syndromes (20‑22). A recent analysis from the PICARD Study 
Group observed AKI in patients who are critically ill, which is 
characterized by a large burden of comorbidity and can result 
in chronic kidney disease and extensive extra renal complica‑
tions, necessitating dialysis (23). In the 21st century, a total of 
~4.9% patients in two years admitted to 30 intensive care units 
require renal replacement therapy in Austria (24). At the same 
time, a prospective hospital‑based study in the UK found that 
the incidence of renal replacement therapy for AKI was 131 
per million per year (25).

Renal perfusion can recover after sufficient fluid infu‑
sion, but microcirculation in the renal cortex cannot recover 
fully  (26,27). A fall in systemic blood pressure caused by 
hypovolemia activates the neurohumoral vasoconstrictive 
system to maintain blood pressure and cerebral perfusion, 
but not in the kidney (28). The autoregulation of kidney and 
blood pressure makes its perfusion stable within fairly narrow 
limits (29,30). When MAP >80 mmHg, this autoregulation can 
make the glomerular filtration rate (GFR) normal with perfu‑
sion; however, when the MAP reaches <80 mmHg, the GFR 
decreases because of low perfusion (29,30). In the present 
study model, MAP and the opposite changes of CO and SVR 
followed the hemodynamic features of septic shock. They 
changed in opposite directions: CO rapidly increased, whereas 
MAP and SVR decreased to the lowest point at 2 h after injury. 
From that time point, CO decreased whilst the SVR increased 

Figure 7. Linear regression analysis. Linear regression analysis between the CO and peak intensity in each group. There were similar positive regression 
coefficients in all four groups. CO, cardiac output; SH, sham group; SS, septic shock group; VAN, vancomycin group; UTI, ulinastatin group.
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gradually, whereas the MAP remained at a relatively low level 
in the range of 60‑70 mmHg. Since this model, developed 
in a previous study (12), displayed the typical hemodynamic 
features of septic shock, it was considered fit to be applied for 
the further investigation of intervention effects. The MAP of 
all modeling groups decreased <80 mmHg after injury, which 

could certainly make the renal perfusion decrease, and was 
confirmed by CEUS.

RI is a useful index for evaluating the renal vascular 
resistance in CDFI, which holds promise in monitoring renal 
function and in predicting AKI in patients who are critically 
ill (31). In the present study, cRI was calculated to correct for 

Figure 8. Histopathology of light microscope. (A‑D) Under a light microscope, renal injury was prominent in all experimental groups except the sham group 
(magnification, x400). Red arrow, Fibroblast proliferation in the renal mesenchyme beside the glomerulus; yellow arrow, inflammatory cell infiltration; blue 
arrow, renal interstitial hyperemia; green arrow, glomerular capillaries angiectasis and hyperemia; black arrow, micro‑thrombus formation. (A) Sham group. 
(B) SS group. (C) VAN group. (D) UTI group. (E‑H) TUNEL assay revealed that there were greater numbers of apoptotic cells in the SS and VAN groups than 
the sham and UTI groups. Cells undergoing apoptotic signaling cascades were stained brown. (E) Sham group. (F) SS group. (G) VAN group. (H) UTI group. 
SS, septic shock group; VAN, vancomycin group; UTI, ulinastatin group.

Table II. Histopathology outcomes.

Parameter	 SH	 SS	 VAN	 UTI

Kidney injury scores	 0.0 (0.5)a-c	 3.0 (0.0)	 3.0 (0.0)	 2.0 (1.0)d,e

AI, %	 1.50±0.23a-c	 32.22±1.71	 30.11±2.67	 13.78±2.91a,b

Kidney injury scores, median (IQR); AI, mean ± SD. AI, apoptotic index; SH, sham group; SS, septic shock group; VAN, vancomycin group; 
UTI, ulinastatin group. aP<0.01 vs.  the SS group; bP<0.01 vs.  the VAN group and cP<0.01 vs.  the UTI group; dP<0.05 vs.  the SS group; 
eP<0.05 vs. the VAN group.
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the influence of HR and was increased in the present model, 
which indicated vasoconstriction in the kidney. A significant 
difference of cRI was not observed between the UTI group and 
SS or VAN group after UTI treatment, which demonstrated 
that UTI could not change the tension in the renal vascular 
system after septic shock. However, this did not necessarily 
mean that UTI had no involvement in regulating the renal 
microcirculation.

Dynamic contrast enhanced magnetic resonance imaging 
and isotopic renography are methods used to evaluate renal 
perfusion (32). However, the absolute quantification of renal 
perfusion using contrast enhanced magnetic resonance 
imaging is not reliable because of the poor association between 
signal intensity and concentration of the contrast medium (32). 
Isotopic renography can be used evaluate split renal func‑
tion, but is limited by radiation exposure and high cost (33). 
CEUS had been previously proposed to be able to quantify 
renal cortical perfusion at bedside in the transplanted kidney. 
Microbubbles used in CEUS remain strictly intravascular, 
with little interstitial diffusion or urine excretion. They tend 
to produce more harmonic signals compared with surrounding 
tissues and are sensitive to the echo sound probe (34,35). Due 
to the increased sensitivity of harmonic imaging, tissue perfu‑
sion on a capillary level can be detected using these media, 
that can be viewed as blood pool markers enabling functional 
vascular imaging (36). A good correlation has been demon‑
strated between CEUS measurements of renal perfusion and 
para‑aminohippurate clearance, which is currently the gold 
standard for renal blood flow measurements (35). Previous 
data on animals also revealed that renal cortical CEUS can 
differentiate between macro‑ and microcirculation (37,38). 
This technology has also been used in ICU for evaluating renal 
perfusion in two pilot studies (39,40).

In the present study, TIC derived from CEUS was used to 
detect blood perfusion after septic shock, where the results 
indicated that the AUC was decreased significantly. AUC is 
a parameter related with the blood volume of the kidney (34). 
In the UTI group, it was significantly increased by the drug 

treatment compared with the SS and VAN group. No signifi‑
cant difference was observed between the SH and UTI group.

Pi is another parameter that is related to renal perfusion. In 
theory, if the same dose of microbubbles were bolus infused 
into the circulation and detected by the prober in the kidney, 
there should be the same Pi in each group (34). However, if 
CO decreased, only the time of reaching Pi would be delayed 
because of the low perfusion, but without the reduction in 
strength i.e. there would be an increased Tp with normal Pi (34). 
By contrast, if the CO was too low, before the whole dose of 
microbubbles filled the kidney, the washing out process would 
begin prematurely and the flow may decrease the Pi (34). In 
the present study, the Tp was significantly increased whereas 
the Pi was significantly decreased in the SS and VAN groups. 
Regression analysis between the CO and Pi indicated that there 
were similar regression coefficients in the four groups. Since 
CO was lower in the SS and VAN groups, it may decrease 
Pi. Therefore, when CO was put into the ANOVA model as a 
covariate, the difference among the groups disappeared, which 
suggests that a lower CO cannot drive enough microbubbles 
into the renal cortex, thereby decreasing Pi. In the UTI group, 
both the Pi and Tp were significantly improved compared with 
that in the SS and VAN group.

The Th and slope are parameters related to the wash‑in 
speed of microbubbles (34). During septic shock, both are 
deteriorated with poor perfusion. In the present study, the Th 
increased whereas the slope decreased, both of which were 
improved by UTI treatment. Unlike cRI, which is a parameter 
related to vascular tension, AUC, Pi, Th and Slope, param‑
eters of perfusion, were improved by UTI treatment, which 
demonstrated that the protective effect of UTI was not through 
a change in vascular resistance, but by the improvement of 
bloodflow. Oxygenation (PaO2/FiO2) was also improved by 
UTI treatment together with the improved renal perfusion. In 
addition, the global aerobic metabolism was improved by UTI, 
as suggested by the observation of decreasing Lac levels.

Histopathological analysis confirmed the extent of 
kidney injury caused by septic shock and the subsequent 

Figure 9. Histopathology of transmission electron microscope. Images of transmission electron microscope from the epithelia cells of the septic shock group. 
(A) Black arrow, the mitochondria swelled, and the cristae disappeared; (B) white arrow, chromatin degenerating indicated as the nuclear cavitation, which 
demonstrated the cell apoptosis.
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improvement mediated by UTI treatment. Previous investi‑
gations indicated that 35‑50% cases of acute tubular necrosis 
could be attributed to sepsis (41,42). In the present model, 
tubular necrosis was not observed, which was likely to be 
due to the relatively short duration of the protocol. However, 
significant injury in the interstitium was found in the SS 
and VAN groups under LM. These injuries may progress to 
tubular necrosis after several weeks of sepsis (41,42). Under 
EM, the cell injury observed were mitochondria swelling and 
chromatin degeneration, possibly contributing to apoptosis. 
Mitochondrial dysfunction has been previously described 
in organs with high metabolism, such as the kidney  (43). 
TUNEL analysis also confirmed apoptosis in the renal cells. 
This histopathologic injury was ameliorated by UTI treat‑
ment, which may be due to improvements in renal perfusion 
and global aerobic metabolism.

In the present study, a phenomenon of improved renal 
perfusion by UTI was observed. Its macro‑mechanism was 
confirmed by hemodynamic studies, though an animal model 
may not be the same as that in the clinical setting in humans. 
As a limitation of the present study, the micro‑mechanism was 
not explored. Blood flow to the kidney is pronounced as the 
kidneys receive ~25% of the total abdominal aortic blood flow 
and filter 120‑150 ml plasma per min, rendering it susceptible to 
the first attack by cytokines during inflammation. As a typical 
Kuniz protease inhibitor, UTI was previously demonstrated 
to regulate the expression of IL‑6, IL‑1β and TNF‑α through 
the NF‑κB pathway (44). Further studies should be performed 
surrounding the changes in level of cytokines regulated by the 
NF‑κB protein pathway.

In conclusion, AKI, which occasionally occurs during 
septic shock, is accompanied with a significantly reduced 
perfusion in the renal microcirculation. However, UTI can 
significantly improve renal perfusion, which can be reliably 
evaluated using CEUS.
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