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Purpose: Sepsis is the leading condition associated with acute kidney injury (AKI) in the 
hospital and intensive care unit (ICU), sepsis-induced AKI (S-AKI) is strongly associated 
with poor clinical outcomes. Curcumin possesses an ability to ameliorate renal injury from 
ischemia-reperfusion, but it is still unknown whether they have the ability to reduce S-AKI. 
The aim of this study was to investigate the protective effects of curcumin on S-AKI and to 
assess its therapeutic potential on renal function, inflammatory response, and microcircula-
tory perfusion.
Methods: Male Sprague-Dawley (SD) rats underwent cecal ligation and puncture (CLP) to 
induce S-AKI and immediately received vehicle (CLP group) or curcumin (CLP+Cur group) 
after surgery. At 12 and 24h after surgery, serum indexes, inflammatory factors, cardiac 
output (CO), renal blood flow and microcirculatory flow were measured.
Results: Serum levels of creatinine (Scr), cystatin C (CysC), IL-6 and TNF-α were significantly 
lower in the CLP+Cur group than those in the CLP group (P < 0.05). Treatment with curcumin 
improved renal microcirculation at 24h by measurement of contrast enhanced ultrasound 
(CEUS) quantitative parameters [peak intensity (PI); half of descending time (DT/2); area 
under curve (AUC); P < 0.05]. In histopathological analysis, treatment with curcumin reduced 
damage caused by CLP.
Conclusion: Curcumin can alleviate S-AKI in rats by improving renal microcirculatory 
perfusion and reducing inflammatory response. Curcumin may be a potential novel thera-
peutic agent for the prevention or reduction of S-AKI.
Keywords: curcumin, acute kidney injury, sepsis, microcirculation, inflammation, contrast 
enhanced ultrasound

Introduction
Sepsis is a systemic inflammatory response syndrome caused by infection,1 and it is the 
leading condition associated with acute kidney infection (AKI) in the hospital and 
intensive care unit (ICU).2 The annual global incidence of sepsis-induced AKI 
(S-AKI) is approximately 6 million cases or nearly 1 per 1000 population,3 and for 
ICU patients, sepsis is found in 40% to 50% of patients with AKI.4,5 S-AKI is strongly 
associated with poor clinical outcomes. Early goal-directed therapy, such as fluid resus-
citation and supportive treatment, can improve survival,6 however, an analysis of the 
Protocolized Care for Early Septic Shock (ProCESS) trial focused on renal outcomes 
found that the use of early goal-directed therapy or usual care did not influence new AKI 
development, severity of AKI, or renal recovery.7 It is becoming increasingly clear that 
restoring the macrocirculation is not always sufficient to adequately restore the micro-
circulation and preserve organ function.8 At the same time, inflammation associated with 
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S-AKI is coupled to long-term outcomes, as elevated plasma 
concentrations of inflammatory factors have been associated 
with nonrecovery of renal function and death in critically ill 
patients receiving renal replacement therapy (RRT).9 Thus, 
there is a pressing need for the development of novel thera-
peutic approaches that can restore perfusion of the renal 
microcirculation and exert anti-inflammatory effects.10,11

Curcumin (Cur, C 21H 20O6, Figure 1), the major active 
component of Curcuma longa, was first isolated in 1870 
and widely used as spice, flavor, and colorant in daily 
life.12 Several studies have evidenced the antioxidant, anti- 
inflammatory, anticarcinogenic, cardioprotective and 
nephroprotective effects of curcumin.13 The protective 
effects of curcumin on AKI are generally associated with 
its bifunctional antioxidant activity and anti-inflammatory 
activity.14–16 Curcumin could ameliorate kidney disease 
with either acute or chronic nephritis, and reduce activa-
tion of the NF-κB, MAPK, AKT and pBAD pathways 
either systemically, or within the inflamed kidneys.17 In 
addition, previous research found that curcumin could 
improve renal function during ischemia-reperfusion 
induced acute kidney injury, which protected the tubular 
epithelium from injury by modulating inflammatory pro-
cesses, oxidative stress, and apoptosis.14 However, few 
studies have investigated the effects of curcumin on AKI 
induced by sepsis; whether or not curcumin can improve 
the renal microcirculation and exert anti-inflammatory 
effects is unclear. To investigate the therapeutic potential 
of curcumin, we established a septic rat model with AKI 
by cecal ligation and puncture (CLP), and then observed 
the changes in renal tissues and renal functions with or 
without curcumin intervention, and studied its effects on 
renal macro- and microcirculation and inflammatory reac-
tions in septic rats.

Materials and Methods
Animals
Male Sprague-Dawley rats weighing 400g to 500g were 
housed in an animal facility with 12h light–dark cycle at 
22–24°C. Rats were acclimated for 3–5 days before con-
ducting experiments with free access to food and water. 
All rats were purchased from the Laboratory Animal 
Center of the First Medical Center of Chinese PLA 
General Hospital (Experimental Animal License: SCXK 
(Beijing) 2019–0010). This study was approved by the 
Institutional Animal Care and Use Committee of the 
Chinese PLA General Hospital (2020-X16-76), and it 
was carried out in accordance with the Code of Practice 
for the Housing and Care of Animals Used in Scientific 
Procedures published by Her Majesty’s Stationery Office.

CLP Model of Sepsis
A rat model of sepsis was established through cecal 
ligation and puncture (CLP) as described previously.18 

Rats were anesthetized with 2% pentobarbital, and a 1 
to 2cm midline incision was made along the linea alba 
of the abdominal muscle to isolate and exteriorize the 
cecum. Fifty percent of the cecum was ligated with a 4– 
0 silk suture, and the cecum was punctured twice with 
a 16-gauge needle about 1 cm from the distal end. An 
approximately 1mm column of fecal material was 
expressed. The cecum was then replaced to the perito-
neal cavity and the abdomen was closed. In the sham 
group, rats underwent the same procedure but were 
neither ligated nor punctured. In the following surgery, 
all rats received 0.4 mL/kg of prewarmed saline and 
were placed on a heating pad. All post-surgery rats 
were given free access to food and water.

Figure 1 The chemical structure of curcumin. MW: 358.385, BP: 591.4°C, MP: 183°C, density (g/m3, 25/4°C): 0.93.
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Animal Grouping
Forty-eight rats were randomly and equally divided into 
three groups (n = 16 for each group):

1. CLP+Cur group (Cur), which the rats received 
intraperitoneal injection with 100mg/kg curcumin 
(Sigma, America) immediately after surgery.

2. CLP group (CLP), which the rats received intraper-
itoneal injection with vehicle (2.5%DMSO) imme-
diately after surgery.

3. Sham group (Sham), which the rats underwent iden-
tical surgical procedure but without any injection.

The curcumin solution applied in the experimental 
animals was freshly prepared. Immediately before the 
study, 500 mg curcumin powder was dissolved with 
2.5mL of 100% dimethyl sulfoxide (DMSO, Sigma, 
America), and supplemented into 10 mL corn oil 
(Aladdin, China).

Twelve hours after the surgery, half of the animals in 
each group (n = 8) were sacrificed to collect serum from 
inferior vena cava and renal tissue under anesthesia.

Twenty-four hours after the surgery, the other half of 
the animals in each group (n = 8) were sacrificed with the 
same method.

Assessment of Kidney Function
Kidney injury was assessed by measuring the levels of 
serum creatinine (Scr), urea and serum cystatin 
C (CysC). Rats were euthanized at indicated time points 
under anesthetic. Blood samples were collected from the 
inferior vena cava; serum was separated by centrifugation 
at 3000 revolutions/min for 15 min and then stored at 
−20°C until use. Scr, urea, and SysC were detected by 
automatic biochemistry analyzer (cobas 8000, Roche, 
Switzerland) according to manufacturer instructions. The 
results were recorded and analyzed.

Enzyme-Linked Immunosorbent Assay
The method of obtaining serum samples is the same as 
above. Serum levels of Interleukin-6 (IL-6), tumor necro-
sis factor-α (TNF-α) and Interleukin-10 (IL-10) were mea-
sured using sandwich enzyme-linked immunosorbent 
assay according to manufacturer instructions (4Abio, 
China). Read plate at 450nm, then draw the standard line 
and analyze the data. Absorbance values at 450 nm were 
read and recorded by ELISA reader (Multiskan GO, 
Thermo, USA).

Assessment of Hemodynamics
Color Doppler ultrasound (CDFI) was fundamental for 
identifying vascularization, which can intuitively display 
the size and distribution of blood flow. Power Doppler 
(PD) is inherently more sensitive and can display flow 
in situations where CDFI is ineffective as it can display 
tissue perfusion in highly vascular organs such as the 
kidneys.19 PD and CDFI were used to measure renal 
hemodynamics at 12h and 24h after CLP by a high- 
resolution ultrasonic apparatus (M9t, Mindray, China) 
equipped with a linear array transducer (4–12 MHz). 
Velocity scale, wall filter, and gain settings were held 
constant. Then the hemodynamics of kidney was assessed 
according to the size and distribution of blood flow in 
CDFI and PD images. M-mode echocardiography, an 
effective and efficient way to record the necessary multiple 
cardiac cycles,20 was performed to measure cardiac output 
(CO). CO was calculated as the product of stroke volume 
and heart rate.

Assessment of Renal Microcirculation
Contrast-Enhanced Ultrasound (CEUS), a method for 
detecting renal microcirculation, was performed by a high- 
resolution ultrasonic apparatus (M9t, Mindray, China) 
equipped with a linear array transducer (4–12 MHz) at 
a low mechanical index (MI = 0.098). A maximum long-
itudinal scanning section that included the entire kidney 
was selected. Under contrast-enhanced mode, an intrave-
nous infusion of 0.16mL/kg of SonoVue (Bracco, Italy) 
was administered to the caudal vein via bolus injection, 
followed by an immediate flush of 1 mL saline solution. 
SonoVue is a sulfur hexafluoride-filled microbubble 
encapsulated by a flexible phospholipid shell. The 2.5μm 
microbubbles cannot cross the endothelium; thus, the 
agent remains solely in the intravascular compartment.21 

As soon as the contrast agent injection began, the CEUS 
process and the timer on the machine were started; real- 
time dynamic images were digitally stored at least 180s. 
Image depth, focus, gain, and frame rate were optimized 
and held constant for all further measurements.

CEUS images were quantitatively analyzed using the 
included software. Three similar-sized regions of interest 
(ROI) were drawn at the renal cortex and medulla, at the 
same approximate location and a similar depth while 
excluding interlobar and arcuate arteries. Signal time 
intensity curves (TIC) and blood perfusion parameters 
were automatically generated. The results of three ROIs 
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at the renal cortex and medulla were averaged to minimize 
heterogeneity. CEUS parameters, arrival time (AT), time to 
peak (TTP), ascending slope (AS), peak intensity (PI), half 
of descending time (DT/2), descending slope (DS) and 
area under curve (AUC) were recorded and analyzed.

Histopathology Assessments
Kidneys were harvested and transversely incised in the center, 
fixed in 10% formalin, embedded in paraffin and then sec-
tioned at 3μm thickness for staining with periodic acid-Schiff 
stain. Stained sections were observed by light microscopy 
(BX53F, OLYMPUS, Japan) at a magnification of 400X.

Statistical Analyses
Statistical analysis was performed using SPSS 26 (IBM 
Corporation, USA) and GraphPad Prism 8 software 
(GraphPad Software, USA). Results were evaluated using 
Shapiro–Wilk normality tests. For normally distributed 

data, the difference between experimental groups was 
shown using one-way ANOVA. Kruskal–Wallis tests 
were applied for data that did not show normal distribu-
tion. Tukey’s test was used in multiple comparisons and 
p < 0.05 was considered as significant. Data showing 
normal are given as mean ± standard error, those without 
normal distribution are given as M (IQR).

Results
Effects of Curcumin on Renal Function
The diagnosis of AKI is currently based on an increasing 
serum creatinine concentration. When creatinine ≥1.5 
times baseline, AKI occured.22 As shown in Figure 2 and 
Table 1, at 12h and 24h after CLP, serum levels of Scr, 
urea and CysC were found significantly increased in the 
CLP group compared with the sham group (P < 0.05), 
indicating the development of AKI. Apart from that, at 
12h after CLP, curcumin had no effect on the increase in 

Figure 2 Effects of curcumin on serum Scr (a or A), Urea (b or B) and CysC (c or C) levels at 12h and 24h after CLP. At 12h and 24h after CLP, serum levels of Scr, Urea, 
and CysC were increased compared with the sham group. At 24h after CLP, curcumin significantly reduced serum levels of Scr and CysC. *P < 0.05 compared with sham; #P 
< 0.05 compared with CLP (n = 8 per group).
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all indicators; while at 24h after CLP, curcumin adminis-
tration dramatically reduced Scr and CysC levels com-
pared with CLP alone, there was a significant difference 
between the two groups (P < 0.05).

Effects of Curcumin on Inflammatory 
Cytokines
After sepsis by CLP, there was an initial increase in 
cytokines within the first few hours.23 The concentration 

of IL-6, IL-10 and TNF-α are shown in Figure 3 and 
Table 1 in order to investigate the inflammation induced 
by sepsis. At 12h and 24h after CLP, serum IL-6, TNF- 
α, IL-10 were significantly increased compared with 
Sham group (P < 0.05). At 24h after CLP, there was 
a significant difference on IL-6 and TNF-α, between 
CLP and CLP+Cur groups (P < 0.05), which suggested 
that curcumin treatment had an effect on the decrease in 
serum inflammation cytokines.

Table 1 Serum Indicators of Renal Function and Inflammation at 24h After Surgery

Scr (μmol/L) Urea (mmol/L) CysC (mg/L) IL-6 (pg/L) TNF-α (pg/L) IL-10 (pg/L)

Sham 26.68±0.95 5.94±0.63 0.35±0.03 10.00±4.37 8.94±1.70 4.79±0.97
CLP 110.31±6.08* 17.10±2.15* 0.87±0.14* 3170.55±785.13* 89.18±14.18* 464.74±169.37*

CLP+Cur 77.65±4.31*# 12.06±1.66* 0.44±0.06# 240.45±170.86*# 33.22±7.5*# 152.13±35.97*

Notes: *P < 0.05 compared with sham; #P < 0.05 compared with CLP (n = 8 per group).

Figure 3 Effects of curcumin on serum IL-6 (a or A), TNF-α (b or B) and IL-10 (c or C) levels at 12h and 24h after CLP. At 12h and 24h after CLP, serum levels of IL-6, 
TNF-α, and IL-10 were increased compared with the sham group. At 24h after CLP, treatment with curcumin significantly reduced serum levels of IL-6 and TNF-α. *P < 0.05 
compared with sham; #P < 0.05 compared with CLP (n = 8 per group).
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Effects of Curcumin on Hemodynamics
At 12h and 24h after CLP, CO was decreased compared with 
the sham group. These data indicate that curcumin treatment 
had no effect on the decrease of CO at either time point 
(Figures 4 and 5). As shown in Figure 6, the renal blood 
flow in CLP+Cur group is better than that in CLP group, the 
blood flow at 24h after CLP was better than that 12h after 
CLP. In the Sham group at 12h and 24h, segmental artery, 
interlobar artery and interlobular artery could be clearly 

displayed. In CLP and CLP+Cur group at 12h, the intensity 
of blood flow signal was weakened and the interlobular 
artery was not clear, which indicates the construction of 
renal blood flow. At 24h after surgery, the intensity of 
blood flow signal in CLP and CLP+Cur were increased 
compared with the two groups at 12h, and the signal of 
interlobular artery in CLP+Cur group at 24h was clearer 
than CLP group. These data indicate that curcumin has no 
effect on cardiac output, but can improve renal blood flow.

Figure 4 Heart M-mode ultrasound images. (A) Sham group at 12h. (B) CLP group at 12h. (C) CLP+Cur at 12h. (D) Sham group at 24h. (E) CLP group at 24h. (F) CLP 
+Cur at 24h. The stroke volume and heart rate were measured by M-mode ultrasound, and then the cardiac output was calculated.

Figure 5 Effects of curcumin on cardiac output at 12h (A) and 24h (B) after CLP. At 12h and 24h after CLP, CO was decreased compared with the sham group. Curcumin 
had no effect on the decrease of CO at either time point. *P < 0.05 compared with sham; #P < 0.05 compared with CLP (n = 8 per group).
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Effects of Curcumin on Renal 
Microcirculation
CEUS quantitative parameters reflect the perfusion 
sequence, time, intensity and distribution of renal micro-
circulation. 2–4 s after SonoVue bolus injection, renal 
blood vessels were enhanced, then the cortex and medulla 
developed; 1–2 min later, the medulla and cortex disap-
peared (Figure 7).

Renal microcirculation perfusion was significantly 
decreased compared with the sham group; curcumin treat-
ment significantly increased perfusion of renal cortex at 
24h after CLP. At 12h, cortical quantitative parameters of 
PI in CLP group were significantly decreased compared 
with the sham group; curcumin treatment significantly 
enhanced the level of PI compared with CLP. DS in CLP 
group was significantly decreased compared with the sham 

Figure 6 The comparison of Sham group (a and A), CLP group (b and B), CLP+Cur group (C and c) using renal Power Doppler and CDFI. ▲segmental artery, ⇓interlobar 
artery, ↖interlobular artery. Overall, blood flow at 24h after CLP (A–C) was better than 12h after CLP (a–c). The Sham group was better than CLP+Cur group and CLP 
+Cur group was better than CLP group. Power Doppler is more sensitive in flow detection than CDFI (n = 8 per group).
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group, Curcumin treatment had no effect on the decrease 
of DS (Figure 8). At 24h, cortical levels of AUC, PI, DT/2 
and DS in the CLP group were significantly decreased 
compared with the sham group, AS levels were signifi-
cantly increased compared with the sham group. Curcumin 
treatment significantly increased levels of AUC, PI and 

DT/2 compared with the CLP group and had no effect on 
the increase of DS or the decrease of AS. Renal medullary 
levels of DT/2, DS, and AUC in CLP group were signifi-
cantly decreased compared with the sham group. 
Curcumin treatment had no effect on the decrease of DT/ 
2, DS, or AUC (Figure 9 and Table 2).

Figure 7 Contrast-Enhanced Ultrasound images. Perfusion of renal vessels, cortex and medulla and time intensity curve about the ROI. The perfusion in CLP group was 
weaker than that in CLP+Cur group from a macro view. (A) Sham group at 12h. (B) CLP group at 12h. (C) CLP+Cur at 12h. (D) Sham group at 24h. (E) CLP group at 24h. 
(F) CLP+Cur at 24h.

Figure 8 Changes in CEUS values and effects of curcumin at 12h. (A) PI in CLP group was significantly decreased compared with the sham group and curcumin treatment 
significantly enhanced the level of PI compared with CLP (B) DS in CLP group was significantly decreased compared with the sham group, *P < 0.05 compared with sham; 
#P < 0.05 compared with CLP (n = 8 per group).
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Histopathological Results
As seen in PAS-stained images, at 12 and 24h, kidney sections 
of the sham group revealed normal histological structure with 

malpighian bodies and tubular sections. Dilatation and unclear 
outline of renal tubules, shedding of brush margin, flattening 
and shedding of renal tubular epithelial cells were observed in 

Figure 9 Changes in CEUS values and effects of curcumin at 24h. (a–e) CEUS values in renal cortex. Levels of AUC (a), PI (b), DT/2 (c) and DS (d) in the CLP group were 
significantly decreased compared with the sham group, AS (e) levels were significantly increased compared with the sham group. Curcumin treatment significantly increased 
levels of AUC, PI and DT/2 compared with the CLP group and had no effect on the increase of DS or the decrease of AS. (A–C) CEUS values in renal medulla. Levels of DT/ 
2 (A), DS (B), AUC (C) in CLP group were significantly decreased compared with the sham group. Curcumin treatment had no effect on the decrease of DT/2, DS, AUC. *P 
< 0.05 compared with sham; #P < 0.05 compared with CLP (n = 8 per group).
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kidney sections of the CLP group, parts of renal tubules were 
formed at 24h in CLP group. Images of CLP+Cur sections 
showed decreased damage compared to the CLP group at 24h 
(Figure 10).

Discussion
At present, the pathogenesis of S-AKI is not fully under-
stood. Therefore, treatment remains reactive and 

nonspecific, and no available preventive therapies 
exist.3 In terms of mechanism, inflammatory responses 
and microcirculatory alterations were two major 
theories.3,24,25 Circulating toxins act on the endothelium, 
triggering a reduction in microcirculatory flow and inter-
stitial infiltration of inflammatory cells;26 inflammatory 
mediators are released, which triggers tubular cell stress 
and injury.27 A dysregulated inflammatory response 

Table 2 Quantitative Parameters of CEUS in Renal Cortex at 24h After Surgery

AT (s) TTP (s) PI (dB) AS (dB/s) DT/2 (s) DS (dB/s) AUC (dB s)

Sham 3.71±0.93 8.29±0.33 27.36±0.45 0.69±0.08 58.72±2.99 −0.17±0.15 3028.31±87.37
CLP 3.78±0.18 8.21±0.45 25.54±0.49* 0.99±0.59* 42.41±1.07* −0.23±0.01* 2477.89±40.08*

CLP+Cur 3.73±0.07 9.75±0.58 27.81±0.56# 0.89±0.10 56.87±2.82# −0.19±0.02* 2945.99±80.23#

Notes: *P < 0.05 compared with sham; #P < 0.05 compared with CLP (n = 8 per group).

Figure 10 Light microscopy images of PAS-stained renal tissue (×400). (A) Sham group; (B) CLP group, dilatation of renal tubules, shedding of brush margin, flattening and 
shedding of renal tubular epithelial cells; (C) CLP group, renal tubules were formed (D) CLP+Cur group, the degree of damage was lesser than that of CLP group.
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could be of great significance to organ dysfunction and 
poor outcome;3 microcirculatory alterations may play 
a key role in the development of organ injury.28 

Previous studies showed that curcumin could protect 
renal function on AKI induced by ischemia/reperfusion 
(I/R);14 we studied the therapeutic potential of curcumin 
using a rat sepsis model induced by CLP to investigate 
whether curcumin could regulate inflammation response 
and microcirculatory flow in S-AKI.

The diagnosis of AKI is currently based on an increase 
in serum creatinine concentration and/or a decrease in 
urine output.22 At 12 and 24h after CLP, the level of Scr 
conforms to the diagnostic criteria of AKI. At 24h after 
CLP, treatment with curcumin reduced serum levels of Scr 
and CysC, suggest that curcumin can protect against renal 
dysregulation of S-AKI and has better effect than at 12h 
after CLP. Though having a larger dataset such as NAGL 
and KIM-1 would offer further insight into kidney injury, 
the increase in Scr and urea was sufficient evidence that 
kidney was injured.

After CLP, proinflammatory cytokines TNF-α and IL-6 
were released during the first few hours and competed with 
anti-inflammatory factors such as IL-10, which is closely 
related to the occurrence of renal injury.23 In our study, at 
24h after CLP, treatment with curcumin inhibited IL-6, TNF- 
α. Benes et al11 showed that in contrast to AKI-free animals, 
the development of septic AKI was preceded by early and 
remarkable inflammatory response (elevated TNF-a, IL-6), 
which is consistent with the findings in our CLP groups. In 
our study, curcumin did not reduce the serum level of IL-10. 
It has been proposed that endogenous IL-10 serves as 
a protective function in models of endotoxic shock;29 thus, 
curcumin does not destroy this protective effect.

Previous studies showed that in humans and large 
animal models, including sheep and pigs, CO was usually 
increased during the initial stage of sepsis.30–32 In our 
study, CO and renal flow observing by CDFI and Power 
Doppler in CLP and CLP+Cur group were decreased 
compared with the sham group. We considered there may 
be a difference in CO between large animals and rodents. 
We established a severe sepsis animal model by adjusting 
the number of perforations and the location of ligation, 
which leads to septic shock in experimental animals, 
resulting in a decrease in blood flow. In our study, curcu-
min treatment has no effect on the decrease of CO.

Contrast-enhanced ultrasound (CEUS) is a new techni-
que which enables the observation of blood perfusion and 

can provide real-time, noninvasive and relative quantita-
tive estimates of renal microvascular perfusion indepen-
dent of kidney function.33 It has been tested in critically ill 
patients, including S-AKI. When S-AKI occurred, there 
were profound heterogeneous changes in microcirculatory 
flow.3 ROIs were selected to draw a time intensity curve 
(TIC) and perform quantitative analysis. Arrival time 
(AT), ascending slope (AS), peak intensity (PI), time to 
peak (TTP), DT/2, descending slope (DS), and area under 
the curve (AUC) are the key observational parameters 
used in renal perfusion studies. PI is intensity parameter, 
which represents the maximum intensity of the curve. AT, 
TTP, DT/2 are time parameters. AT is the time when 
contrast agents arrive; TTP represents the time to max-
imum enhancement; DT/2 is the time from injection until 
decay to the half peak of enhancement. AS, DS, and AUC 
are time-intensity parameters, AS is the wash-in slope of 
the contrast agents, and reflects the perfusion velocity of 
contrast agents. DS is the wash-out slope of the contrast 
agents, and reflects the clearance velocity of the contrast 
agents; AUC is the area under the TIC, which is propor-
tional to the total volume of blood flow in the ROI. In our 
study, cortical quantitative parameters of PI, DS at 12h; 
cortical parameters of AS, PI, DT/2, DS, AUC and medul-
lary parameters of DT/2, DS, AUC at 24h are significantly 
different between the sham group and CLP group. The 
decrease in PI and AUC indicates a decrease in blood flow 
volume; when microcirculatory flow is decreased, the 
speed of perfusion and clearance is increased, and the 
time and PI are decreased. The quantitative parameters 
result of our study is consistent with it, which suggests 
that the renal microcirculatory flow decreases during 
S-AKI in rats, and further, the condition at 24h was more 
serious than at 12h. Previous study observed the decrease 
in cortical renal perfusion during S-AKI,34 which was 
consistent with our study and demonstrated the rationality 
of our model. Multiple mechanisms may lead to micro-
circulatory alterations, such as endothelial injury and acti-
vation of the coagulation cascade.35 Treatment with 
curcumin significantly increased the cortical quantitative 
parameters of PI at 12h, and PI, DT/2, AUC at 24h, 
indicating that curcumin significantly increased the renal 
microcirculation perfusion in CLP rats. From the results of 
the histopathological sections, it was clear that after cur-
cumin intervention, damage in renal tubular epithelial cells 
was improved.

Although the role of the curcumin is recognized in 
AKI, we have explored the protective effects on the 
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circulation perfusion during treatment of S-AKI for the 
first time. In our study, we found that the curcumin has an 
excellent effect on anti-inflammation, which is consistent 
with previous studies.14,15 The mechanism of the anti- 
inflammation may be that curcumin reduced inflamma-
tory processes via the semaphorin-plexin pathway and 
suppressed NF-κB mediating inflammation by activating 
JAK2/STAT3 signal pathway.14,15 When sepsis occurs, 
circulating toxins might act on the endothelium, which 
triggers reduced microcirculatory flow and interstitial 
infiltration of inflammatory cells.26 Curcumin is known 
to have an active biochemical impact on the endothelial 
protection, which may exert a protective effect on 
endothelium-based vascular regulation by regulating the 
intactness of microvascular endothelium,36 as a result, 
improving renal microcirculation. The evaluation of 
AKI needs to be based on the combination of serum 
renal function and hemodynamics.37 In our multiple eva-
luation of early S-AKI, curcumin exerted therapeutic 
effects in it.

Conclusion
In our study, we show that curcumin represents a new and 
promising effective treatment in S-AKI rat models. 
Treatment with curcumin ameliorates renal functions, 
improves both renal macro- and microcirculatory flow, 
reduces inflammatory response and prevents pathological 
changes in kidney. Further mechanism investigation is 
warranted, as curcumin may be a potentially effective 
treatment for S-AKI in humans.
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