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Abstract
BACKGROUND 
The complications acute lung injury and acute kidney injury caused by severe 
inflammation are the main reasons of high mortality of severe acute pancreatitis 
(SAP). These two complications can both lead to water metabolism and acid-base 
balance disorders, which could act as additional critical factors affecting the 
disease trend. Aquaporins (AQPs), which can regulate the transmembrane water 
transport, have been proved to participate in the pathophysiological process of 
SAP and the associated complications, such as acute lung injury and acute kidney 
injury. Thus, exploring herbs that can effectively regulate the expression of AQP 
in SAP could benefit the prognosis of this disease.

AIM 
To determine whether Yue-Bi-Tang (YBT) can regulate the water metabolism in 
rats with severe acute pancreatitis via regulating the expression of aquaporins.

METHODS 
Sprague-Dawley rats were randomly divided into three groups, sham operation 
group (SOG), model group (MG), and treatment group (TG). SAP was induced 
with 3.5% sodium taurocholate in the MG and TG. Rats in the TG were 
administered with YBT while SOG and MG rats were given the same volume of 
saline. Blood and tissue samples were harvested to detect serum inflammatory 
cytokines, histopathological changes, malondialdehyde and superoxide dismutase 
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in the lung, and protein and mRNA expression of kidney injury molecule-1, α-
smooth muscle actin, and vimentin in the kidney, and AQP1 and 4 in the lung, 
pancreas, and kidney.

RESULTS 
The serum interleukin-10, tumor necrosis factor α, and creatinine levels were 
higher in the MG than in the SOG. Tumor necrosis factor α level in the TG was 
lower than that in the MG. Malondialdehyde level in lung tissues was higher than 
in the SOG. The pathological scores and edema scores of the pancreas, lung, and 
kidney tissues in the MG were all higher than those in the SOG and TG. The 
protein expression of AQP4 in lung tissues and AQP1 in kidney tissues in the MG 
were higher than those in the SOG and TG. The expression of vimentin was 
significantly higher in the MG than in the SOG. The expression of AQP1 mRNA in 
the lung and kidney, and AQP4 mRNA in the kidney was up-regulated in the MG 
compared to the SOG.

CONCLUSION 
YBT might regulate water metabolism to reduce lung and kidney edema of SAP 
rats via decreasing AQP expression, and alleviate the tissue inflammatory injury.

Key Words: Yue-Bi-Tang; Aquaporins; Sever acute pancreatitis; Acute lung injury; Acute 
kidney injury; Water metabolism

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This is the first study to verify the effects of Yue-Bi-Tang (YBT) in 
regulating water metabolism and reducing tissue injury in rats with severe acute 
pancreatitis complicated with acute lung injury and acute kidney injury. We 
demonstrated the protective effect of YBT on lung and renal injury associated with 
severe acute pancreatitis from two aspects, alleviation of inflammatory injury and 
reduction of edema. Furthermore, the edematous elimination effect of YBT is achieved 
by regulating water metabolism via decreasing the expression of aquaporins.

Citation: Hu J, Zhang YM, Miao YF, Zhu L, Yi XL, Chen H, Yang XJ, Wan MH, Tang WF. 
Effects of Yue-Bi-Tang on water metabolism in severe acute pancreatitis rats with acute lung-
kidney injury. World J Gastroenterol 2020; 26(43): 6810-6821
URL: https://www.wjgnet.com/1007-9327/full/v26/i43/6810.htm
DOI: https://dx.doi.org/10.3748/wjg.v26.i43.6810

INTRODUCTION
The mortality rate of severe acute pancreatitis (SAP) is as high as 35%-50% in the first 
week of SAP onset, due to acute lung injury (ALI) and acute kidney injury (AKI) 
caused by serious inflammation[1,2]. As is known, acute respiratory failure, which is the 
first organ failure from SAP that takes place after ALI, leads to hypoxia, and has a 
serious influence on the clinical development and prognosis of SAP patients[3]. 
Furthermore, ALI and AKI may cause water metabolism and acid-base balance 
disorders, which could act as additional critical factors affecting the disease trend[4]. As 
shown in some studies, hypoxemia caused by respiratory failure would lead to or 
aggravate renal injury[5]. On the other hand, the retention of water and sodium caused 
by kidney failure or aggressive fluid resuscitation can cause or worsen acute lung 
edema[6]. The interrelationship between ALI and AKI reveals that water circulation 
may be the key point in treating SAP. Therefore, finding suitable methods for 
regulating the water mechanism and electrolyte balance may alleviate the condition of 
patients with SAP and mitigate the associated complications.

Aquaporins (AQPs), which are proteins in the cell membrane that are part of family 
of major intrinsic proteins constituting water channels in the cell membrane, facilitate 
water transportation between cells[7] and are expressed in many organs including the 
pancreas, lung, and kidney[8-12]. It has been proved that AQPs could participate in the 
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pathophysiological process of SAP and the associated complications, such as ALI and 
AKI[13]. In an ALI rat model, high expression of AQP4 has been found on alveolar type 
II cells[14]. The increase in the extravascular lung water volume was consistent with 
ascension of AQP5, and increasing AQP5 was detected in alveolar lavage fluid in rats 
with SAP[15]. Lung fluid transport also apparently decreased in AQP5 knockout mice, 
and the same association was found for AQP1 and AQP4[16]. In renal tissues, AQP1 and 
4, which display very high water osmotic permeability, were also found[17]. AQP2 also 
plays a role in the membrane effector of antidiuretic hormones to promote the 
reabsorption of water from urine as it is removed from the blood by the kidney[18]. 
These results prove the effect of AQPs on the water metabolism of the lung and 
kidney. Some other studies showed that AQP4 can be up-regulated by tumor necrosis 
factor α (TNF-α), which is an inflammatory factor during SAP, via activation of TNF-
receptor-1[19]. Based on these results, it can be inferred that the systemic water 
metabolic disorder caused by SAP may be related to the abnormal function of AQPs. 
Thus, exploring herbs that can effectively regulate the expression of AQPs in SAP 
could benefit the prognosis of this disease.

Yue-Bi-Tang (YBT) was first described in “Jin-Gui-Yao-Lue”, a classical traditional 
Chinese medicine work. It contains five herbal medicines: Mahuang (Ephedra), shigao 
(gypsum), shengjiang (ginger), dazao (Chinese dates), and gancao (liquorice). YBT has 
been widely used as a diaphoretic and edema-clearing decoction to treat edema 
generated from some respiratory diseases based on the theory of traditional Chinese 
medicine for ages. In modern Chinese medicine treatments, YBT is directly used to 
treat some edema conditions resulting from kidney injury, such as acute 
glomerulonephritis[20]. However, there is no study discussing the effect of YBT on ALI-
AKI in rats with SAP. In this paper, we designed an experiment to verify whether YBT 
could treat lung and kidney injury simultaneously in SAP and whether the therapeutic 
mechanism functions by regulating the expression of AQPs in SAP.

MATERIALS AND METHODS
Animals
Male specific pathogen free Sprague-Dawley rats (n = 36) weighing 220 ± 15 g were 
purchased from Chengdu Dossy Experimental Animals Co. Ltd. (Chengdu, China). All 
animals were fed and treated in accordance with the Guidelines described in previous 
articles of our group[21]. After one week of adaptive feeding, these animals were fasting 
for 24 h before SAP modelling and anesthesia during the experiment. All rats were 
handled according to the University Guidelines and the Animal Care Committee 
Guidelines of West China Hospital (Chengdu, China) (protocol number, 2018167A).

Preparation of YBD
Particles obtained by spray drying of mahuang (NO: 17110037), shigao (NO: 
18010165), shengjiang (NO: 17120189), dazao (NO: 17120063), and gancao (NO: 
18010126) were purchased from Sichuan Hospital of Traditional Chinese Medicine 
(Chengdu, China). They were stored at 4 ℃ before use. YBT comes from Jin-Gui-Yao-
Lue, in which the herb dosages of YBT are described as mahuang 18 g, shengjiang 9 g, 
shigao 24 g, dazao 9 g, and gancao 6 g. The method to mix the powders of YBT was as 
previously described[21]. Rats in YBT-treatment group (TG) were intragastrically 
administered with YBT at a dosage of 5.63 g/kg BW, calculated following the Method 
of Pharmacology that the equivalent dosage for rats is 6.3 times more than that for 
human being[22].

Induction of AP and intervention
The rats were divided into three groups randomly (n = 12 each): Sham operation 
group (SOG), model group (MG), and TG. All the rats would receive 12 h of pre-
operation fasting. After anesthetization with 2% sodium pentobarbital (intraperitoneal 
injection, 40 mg/kg BW) , SAP was induced in rats by retrograde injection of 3.5% 
sodium taurocholate (Sigma, St. Louis, MO, United States) into the biliopancreatic duct 
(1 mL/kg BW) at a velocity of 6 mL/h using a micro-infusion pump. The SOG 
received a saline injection replacing 3.5% sodium taurocholate. YBT was administered 
intragastrically to rats in the TG 12 h after operation. Meanwhile, the rats in the SOG 
and MG were given equal volume of saline. All the rats received subcutaneous 
injection of 1 mL/100 g weight body of saline q2h after operation. Twenty-four hours 
after YBT administration, all rats were euthanized. Serum samples were obtained and 
used to detect amylase (AMY) and inflammatory mediators. Pancreas, lung, and 
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kidney tissues were harvested for histological analysis, Western blot analysis, and 
mRNA detection.

Serum amylase and inflammatory mediator measurements
AMY, creatinine (Cr), and blood urea nitrogen (BUN) levels were detected in blood 
collected from the heart, with a spectrophotometer following the manufacturer’s 
instructions. Levels of inflammatory cytokines, such as TNF-α, interleukin (IL)-6, and 
IL-10, were measured with immunoassay kits (Millipore Corporation, Billerica, MA, 
United States) that we used formerly[21].

Histological analysis
Pieces of pancreas, lung, and kidney tissues were fixed in 4% formaldehyde overnight, 
and then embedded in paraffin after dehydration. Sections (6 µm) were used for 
hematoxylin and eosin staining and then examined by light microscopy. The severity 
of pancreatitis was evaluated in the same way that our previous study used[22]. Lung 
injury was scored with a previous scoring system in a blinded manner, with 
thickening of the septum, edema, congestion, and intestinal leukocyte infiltration 
scored on a 0 (absent) to 4 (extensive) scale[23,24]. The grade of tubulointerstitial damage 
was scored semi-quantitatively on a 0 to 5+ scale, based on the percentage of the outer 
medulla area affected by necrosis and/or apoptosis of tubules, tubular atrophy, brush 
border loss, and tubular dilation (0 = none, + = < 25%, + + = > 25% to 50%, + + + = > 
50% to 75%, + + + + = > 75% to < 100%, and + + + + + = 100%)[25].

Detection of malondialdehyde and superoxide dismutase in the lung
One hundred milligrams of fresh lung tissues from rats were cut into small pieces, and 
mixed with 100 μL of saline. After 5 min of homogenization and 2 min of ultrasonic 
breakage, the suspensions were obtained and centrifuged at 10000 rpm for 10 min. 
Supernatants were collected and stored at -80 ℃ in a refrigerator first, and latter 
detected using malondialdehyde (MDA) (cargo number: A003-1, batch number: 
20170916) and superoxide dismutase (SOD) kits (WST-1 method, item No: A001-3, 
batch number: 20170919) purchased from Nanjing Institute of Biotechnology following 
the instructions.

Western blot analysis
Western blot was used to detect the protein content of AQP1-4, kidney injury 
molecule-1 (KIM-1), α-smooth muscle actin (α-SMA), and vimentin. The steps were as 
previously described[26]. The primary antibodies used for Western blot were purchased 
from Abcam (KIM-1: ab190696; α-SMA: ab32575; vimentin: ab92547; AQP1: ab168387; 
AQP4: ab46182). Grey bands on the picture were semi-quantitatively analyzed  with 
ImageJ, with GAPDH used as the internal control.

KIM-1 and AQP mRNA expression 
Trizol reagent (Cargo No. 15596026, Life Technologies) was used to isolate total RNA 
from tissues following the standard protocol. Total RNA (9 μg) was reverse 
transcribed using Revert Aid First Stand complementary deoxyribonucleic acid 
Synthesis Kit (No: K1622, Thermo scientific). Quantitative polymerase chain reaction 
was performed using SYBR Premix Ex Taq II (NO: RR820A) for detecting the mRNA 
expression of KIM-1 and AQP1 and 4. The internal control used was GAPDH. The 
primer sequences used are: AQP1 R: 5’- ACCTGCTGGCCATTGACTAC-3’ and F: 5’- 
CCAGGGCACTCCCAATGAAT-3’ (129 bp);  AQP3 R: 5’-  GAGTTGATG 
AACCGTTGCGG-3’ and F: 5’- TTGATGGTGAGGAAGCCACC-3’ (164 bp); AQP4 R: 
5’- GGAAGGCATGAGTGACGGAG-3’ and F: 5’- CAGACGCCTTTGAAAGCCAC-3’ 
(95 bp); Kim-1 R: 5’- GTTAAACCAGAAATTCCCACAAG-3’ and F: 5’- 
T C T C A T G G G C A T A A A A T G T A G T G - 3 ’  ( 1 9 1  b p ) ;  G A P D H  R :  5 ’ -
GGTGAAGGTCGGTGTGAACG-3’ and F: 5’- CTCGCTCCTGGAAGATGGTG-3’.

Statistical analysis
Statistical software SPSS 23.0 (IBM SPSS Statistics 23.0) was used to process the data. 
All the values are expressed as the mean ± SD. One-way ANOVA was used when data 
had homogeneity of variance and a normal distribution. The least-significance-
difference method was used for pairwise comparison of independent samples. The 
Kruskal-Wallis H test with multiple independent samples was used when data did not 
have homogeneity of variance and a normal distribution. The significance level was set 
at P < 0.05 for comparison.
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RESULTS
Effect of YBD on serum AMY, Cr, BUN, and inflammatory mediators 
The rats in the MG had higher serum AMY, Cr, and BUN levels than those in the SOG 
(P < 0.05), and the AMY level in the TG was lower than those in the other two groups (
P < 0.05) (Table 1). As seen from the above results, we have successfully built a model 
of SAP with AKI, and it can be treated with YBT. However, there was no statistical 
difference in Cr or BUN levels between the MG and TG. The serum levels of IL-10 and 
TNF-α in the TG were lower than those in the MG, but higher than those in the SOG (P 
< 0.05) (Table 2). This result showed an anti-inflammatory effect of YBT, but no effect 
on kidney function.

Histopathological effect of YBD on lung, pancreatic, and renal tissues
Pancreas: The SOG presented mild edema with few tissue hemorrhages and no 
necrosis; the MG group had serious edema, inflammatory cells infiltration, and 
obvious tissue hemorrhage and necrosis (MG = 19.83 ± 3.71 vs SOG = 10.17 ± 2.40, P < 
0.05); the TG group had milder hemorrhage, necrosis, and interstitial edema in the 
tissues than the MG group, but it produced no difference in inflammatory infiltration 
(TG = 17.33 ± 1.63 vs MG = 19.83 ± 3.71, P > 0.05).

Lungs: The SOG showed some edema and infiltration of neutrophils and lymphocytes, 
but no congestion, hyaline membrane, or cystic dilatation; distinct interstitial edema, 
inflammatory cell infiltration, hemorrhage, and necrosis were found in the tissue of 
MG rats (MG = 46.00 ± 3.16 vs SOG = 2.33 ± 1.51, P < 0.05); the tissue injuries in the TG 
were milder (TG = 5.67 ± 2.80 vs MG = 46.00 ± 3.16, P < 0.05).

Kidneys: Loss of the brush border in a few areas, with no atrophy or dilation, was 
found in the SOG; vacuolar degeneration and loss of brush border were found in 
many regions, along with periodic tubular hemorrhage and necrosis, in the MG (MG = 
11.17 ± 2.64 vs SOG = 3.00 ± 1.10, P < 0.05); mild injury was found in the TG (TG = 5.00 
± 2.10 vs MG = 11.17 ± 2.64, P < 0.05) (Figure 1A and B).

Tissue edema: The edema degree of the three organs in the MG was significantly 
higher than that in the SOG (pancreas: MG = 7.83 ± 2.41 vs SOG =1 .67 ± 0.52, P < 0.05; 
lung: MG = 7.67 ± 1.63 vs SOG=1.50 ± 0.84, P < 0.05; kidney: MG = 4.00 ± 1.55 vs 
SOG=1.17 ± 0.41, P < 0.05), while that in the TG was lower than the degree in the MG 
(Pancreas: TG = 5.33 ± 1.63 vs MG = 7.83 ± 2.41, P < 0.05; lung: TG = 3.67 ± 0.82 vs MG 
= 7.67 ± 1.63, P < 0.05; kidney: TG = 1.33 ± 0.82 vs MG = 4.00 ± 1.55, P < 0.05) 
(Figure 1C).

Effect of YBD on the contents of MDA and SOD in the lungs
MDA content in the lung tissue in the MG was higher than that in the SOG (MG = 
72.41 ± 5.52 vs SOG = 52.07 ± 14.96, P < 0.05), but there was no significant difference in 
the MDA and SOD contents between MG and TG (Figure 2). As is known, MDA is a 
marker for oxidative stress, so those result showed that the rat model of SAP combined 
with ALI-AKI was in a high oxidative stress state.

Effect of YBD on the expression of AQPs and acute renal injury biomarker proteins
The expression of AQP4 in the lungs of MG rats was significantly higher than that in 
the SOG and TG (MG = 1.651 ± 0.471 vs SOG = 0.375 ± 0.271, P < 0.05; MG = 1.651 ± 
0.471 vs TG = 0.958 ± 0.360, P < 0.05), but AQP4 in the pancreas and kidneys showed 
no significant differences among the three groups. The expression of AQP1 in the 
kidneys of MG rats (MG = 3.811 ± 0.714 vs SOG = 2.044 ± 0.677, MG = 3.811 ± 0.714 vs 
TG 2.221 ± 0.032, P < 0.05) was significantly higher than that in the other groups. In the 
lungs, AQP1 had no significant differences among the three groups. The expression of 
vimentin, one of the biomarkers of AKI, was significantly higher in the MG than in the 
SOG (MG = 3.549 ± 0.795 vs SOG = 1.643 ± 0.104, P < 0.05), but had no significant 
difference from that in the TG. Another two biomarkers of AKI, KIM-1 and α-SMA, 
showed no significant differences among the three groups (Figure 3).

Results of reverse transcription-polymerase chain reaction
The AQP1 mRNA expression in the lungs and kidneys of MG rats was significantly 
higher than that in the SOG (P < 0.05), but had no significant differences from that in 
the TG. Meanwhile, the mRNA expression of AQP4 in the kidneys of MG rats was 
significantly higher than that in the SOG. No significant differences in the mRNA 
expression of pancreatic AQP1 and 4, or pulmonary AQP4 or KIM-1 were found 



Hu J et al. Effect of YBT on SAP rats

WJG https://www.wjgnet.com 6815 November 21, 2020 Volume 26 Issue 43

Table 1 Serum amylase, creatinine, and blood urea nitrogen in three groups

Parameter SOG MG TG

AMY (U/L) 1309.73 ± 252.61 1943.27 ± 517.39a 1243.30 ± 203.68b

Cr (μmol/L) 25.47 ± 1.65 34.02 ± 4.05a 33.88 ± 3.65

BUN (mmol/L) 7.36 ± 1.07 9.27 ± 1.00a 9.18 ± 0.59

The results are represented as the mean ± SD.
aP < 0.05 model group vs sham operation group.
bP < 0.05 treatment group vs model group (n = 12). SOG: Sham operation group; MG: Model group; TG: Treatment group; MDA: Malondialdehyde; AMY: 
Amylase; Cr: Creatinine; BUN: Blood urea nitrogen.

Table 2 Serum interleukin-6, interleukin-10, and tumor necrosis factor α in three groups

Parameter SOG MG TG

IL-6 33.79 ± 2.69 32.77 ± 1.29 41.48 ± 28.88

IL-10 74.49 ± 42.19 122.31 ± 29.88a 85.02 ± 1.61

TNF-α 76.19 ± 3.42 84.88 ± 5.02a 76.68 ± 3.39b

The results are represented as the mean ± SD.
aP < 0.05 model group vs sham operation group.
bP < 0.05 treatment group vs model group (n = 12). SOG: Sham operation group; MG: Model group; TG: Treatment group; MDA: Malondialdehyde; IL: 
Interleukin; TNF-α: Tumor necrosis factor α.

Figure 1 Histological images and pathologic and edema scores of pancreatic, lung, and kidney tissues in the three study groups. A: 
Pathological images of the pancreatic, lung, and kidney tissues (hematoxylin-eosin staining, magnification: pancreas and kidney × 200; lung × 100); B: Histological 
scores of the three types of tissues; C: Edema scores of the three types of tissues. The results are represented as the mean ± SD. aP < 0.05 (n = 12). SOG: Sham 
operation group; MG: Model group; TG: Treatment group.

among the three groups (Figure 4).
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Figure 2 Levels of lung injury factors. A: Levels of superoxide dismutase in three groups; B: Levels of malondialdehyde in three groups. The results are 
represented as the mean ± SD. aP < 0.05, NS: P > 0.05 (n = 12). SOG: Sham operation group; MG: Model group; TG: Treatment group; SOD: Superoxide dismutase; 
MDA: Malondialdehyde.

Figure 3 Western blot analysis of expression of aquaporins and acute renal injury biomarkers. A: Grayscale images and relative expression of 
aquaporins in three groups; B: Grayscale images and relative expression of acute renal injury biomarkers in three groups. The results are represented as the mean ± 
SD. aP < 0.05; NS: P > 0.05 (n = 12). SOG: Sham operation group; MG: Model group; TG: Treatment group; MDA: Malondialdehyde; KIM-1: Kidney injury molecule-1; 
α-SMA: α-smooth muscle actin.

DISCUSSION
In this study, some molecular changes reflecting tissue inflammatory injury were 
found in rats with SAP, such as TNF-α in serum, the MDA contents and SOD activity 
in the lungs, both of which indicated high oxidative stress in this animal model. The 
expression of vimentin in renal tissue and creatinine level in serum also indicated 
kidney injury. As a key point of our study, AQPs in lung and kidney tissues of SAP 
rats changed considerably. The protein expression of AQP4 in the lungs and AQP1 in 
the kidneys of MG rats was obviously higher than that in SOG rats. Treatment with 
YBT could regulate AQP4 protein expression in the lungs and AQP1 protein 
expression in the kidney. Furthermore, YBT treatment can also alleviate the 
histopathological lesion and edema in the pancreas, lung, and kidney of SAP rats 
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Figure 4 Aquaporins and kidney injury molecule-1 mRNA expression in three groups. The results are represented as the mean ± SD. aP < 0.05; 
NS: P > 0.05 (n = 12). MG: Model group; TG: Treatment group; KIM-1: Kidney injury molecule-1; AQP1: Aquaporin 1.

complicated with ALI-AKI.
In the development of SAP, inflammatory injury is the main and lethal factor that 

damages the organism[27]. Besides inflammatory injury of tissue and organs, fluid loss 
into the third space contributes to many of the early systemic complications in SAP[28], 
leading to pleural effusion, seroperitoneum and skin swelling, and hypovolemic 
shock, all of which are fatal complications of SAP[29]. Meanwhile, water metabolic 
disorder also exists in tissues when SAP occurs, the irritation of inflammatory 
substances and overload of the infused fluid while resuscitation result in edema of the 
cells within the tissue, which could cause organ dysfunction, particularly acute renal 
failure and respiratory failure[30]. Based on the results of our study, we can deduce that 
there were tissue inflammatory injury and water metabolic disorder caused by 
abnormal expression of AQPs in SAP. Studies have shown that both Chinese herb 
prescription Da-Cheng-Qi decoction and patent medicine Shenfu injection could treat 
SAP rats with AKI, but the mechanism of these formulas is to ameliorate inflammatory 
injury not to regulate water metabolism[31,32]. However, the present study found that 
the effect of YBT on SAP rats with ALI-AKI was achieved not only by decreasing 
inflammation but also by regulating water metabolism to reduce tissue edema.

The pro-inflammatory cytokine TNF-α and anti-inflammatory cytokine IL-10 are 
usually regarded as early predictors of SAP severity and prognoses[33]. The results 
showed the serum TNF-α and IL-10 increased significantly when SAP occurred, while 
YBT intervention could reduce TNF-α but had no effect on IL-10 levels. From these 
results, we can deduce that YBT could decrease the production of TNF-α and inhibit 
inflammation, but did not interfere with anti-inflammatory ability of SAP rats. 
Ephedra, the herb component of YBT, and its extract ephedrine had been proven to 
reduce TNF-α in serum and lung tissue of mice with pneumococci induced lung 
injury[34]. The values of MDA and SOD can reflect the oxidative stress injury of 
organism, therefore they are often used to evaluate the body’s inflammatory levels[35]. 
The MDA in lung tissue rose after YBT treatment in SAP rats, which means that YBT 
could protect the lungs from inflammatory injury. Abnormal expression of vimentin 
and creatinine, which serve as biomarkers for human renal injury, revealed the 
existence of AKI in our model[36]. Thus, by combining these results with those of our 
study, we believe that the SAP rat model had complicated lung and kidney injury, and 
YBT could alleviate the tissue inflammatory injury in rats with SAP.

Recent studies showed that AQPs play a key role in liquid metabolism in organisms, 
because the AQP family, which is expressed on the endothelial cells of the capillaries 
and cell membranes of many tissues, can regulate transmembrane transport of 
water[37]. In lung tissue, AQP1, AQP3, AQP4, and AQP5 were found, among which 
AQP1 has high water permeability and is mainly expressed in pulmonary bronchial 
capillary endothelial cells and alveolar type I epithelial cells[38,39]. AQP4 is mainly 
distributed in airway epithelial of different sizes; it is partially expressed in the 
alveolar type I epithelial cells, ciliary tubes, and basal membranes of acinar cells. AQP1 
and AQP4 play an important role in the airspace-to-capillary transport of water and 
elimination of lung interstitial edema[40]. Thus, they were employed to evaluate the 
disorder of lung water metabolism of SAP rats and the effect of YBT on lung edema in 
our study. The results showed the upregulation of AQP4 protein expression and more 
serious edema in the MG than in the SOG. After treatment with YBT, the AQP4 in the 
lungs was down-regulated, and the tissue edema was reduced significantly. It has 
been proven that AQP4 has a positive correlation with the tissue moisture content[41], 
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and increasing the expression of AQP4 would exacerbate tissue edema. Thus, one 
important effect of YBT in SAP treatment is to decrease AQP4 to alleviate the lung 
edema.

In the kidneys, AQP1 is present in the brush border apical membrane and basal 
lateral membrane of proximal renal tubules in the wall segment of the descending 
branch of the medullary loop, and it undertakes the major role in water reabsorption 
in the kidneys. AQP4 is expressed at the basolateral membrane of renal collecting duct 
cells and provides entrance to the blood when water enters a renal collecting duct 
cell[37]. Those two proteins could illustrate the entire process of water translocation 
from the kidneys to vascular system, which is the pathway of edema elimination. 
Apparently increased expression of APQ1 in kidney tissue in the MG, which was the 
group with more serious edema, indicated that up-regulation of the protein could lead 
to tissue edema. After treatment with YBT, the expression of APQ1 declined, and the 
tissue edema of the kidneys in the TG decreased significantly. Studies also have found 
that suppression of AQP1 could facility water and sodium excretion[42]. Thus, we can 
deduce that YBT might reduce the urine reabsorption and produce diuretic effects via 
regulating AQP1 expression in the kidneys, thereby regulating water metabolism and 
reducing tissue edema. However, YBT seemed to have no effect on AQP1 and 4 in the 
pancreas, though there might be some other mechanisms responsible for the edema 
elimination function in the pancreas.

The mRNA expression of lung AQP1 and kidney AQP4 in the MG increased, but the 
protein expression was hardly changed. One reason for the inconsistent expression of 
mRNA and protein may be related to the changes in the factors affecting protein 
transcription caused by SAP-related pathophysiological changes[43]. Another reason is 
that the mRNA expression of AQPs in SAP rats can be increased by glucocorticoid, 
which would increase in the early stage of SAP, and the complications of SAP, such as 
intra-abdominal hypertension and abdominal compartment syndrome[44,45]. Therefore, 
there would be an increase in mRNA expression of AQPs in MG, but no significant 
increase in protein expression or functional changes.

Some studies report that AQP expression can be regulated by TNF-α signaling[46] 
through the TNF-receptor-1 pathway[47]. The TNF-α level in serum exhibited the same 
changes as AQP expression in the MG, and YBT could reduce the level. Based on these 
results, we can deduce that YBT could affect the expression of AQPs in the lungs and 
kidneys by reducing TNF-α, thereby reducing tissue edema.

Determining whether YBT could treat SAP-induced water metabolic disorders can 
provide some new insights for clinical treatments. This is the first time that YBT has 
been used in an animal model to treat SAP, though many methods are being tried and 
need further exploration and improvement. The still-unknown mechanisms of YBT in 
regulating AQPs also need to be verified in future research.

CONCLUSION
In conclusion, lung and kidney edema of SAP rats may relate to disorder of water 
metabolism caused by up-regulation of AQP expression. YBT might regulate water 
metabolism to reduce lung and kidney edema in SAP rats via decreasing AQP 
expression, and finally alleviate the tissue inflammatory injury.

ARTICLE HIGHLIGHTS
Research background
The complications acute lung injury (ALI) and acute kidney injury (AKI) caused by 
severe inflammation are the main reasons for high mortality of severe acute 
pancreatitis (SAP). These two complications can both lead to water metabolism and 
acid-base balance disorders, which could act as additional critical factors affecting the 
disease trend. Aquaporins (AQPs), which can regulate the transmembrane water 
transport, have been proved to participate in the pathophysiological process of SAP 
and the associated complications, such as ALI and AKI. Thus, exploring herbs that can 
effectively regulate the expression of AQPs in SAP could benefit the prognosis of this 
disease.

Research motivation
Our previous studies have demonstrated that SAP rats would be complicated with 
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ALI, AKI, and some other manifestations of fluid metabolism disorders, such as 
pulmonary edema, pleural effusion, and seroperitoneum. Yue-Bi-Tang (YBT) has been 
widely used as a diaphoretic decoction to treat edema generated from some 
respiratory diseases based on the theory of traditional Chinese medicine for ages. In 
modern Chinese medicine treatments, YBT is directly used to treat some edema 
diseases resulting from kidney injury, such as acute glomerulonephritis. The question 
is whether YBT could alleviate ALI and AKI by regulating AQP expression in SAP 
rats. Therefore, this study aimed to verify the effect of YBT treatment in SAP rats 
complicated with ALI-AKI and explore the underlying mechanism.

Research objectives
To determine whether YBT can regulate the water metabolism in rats with severe 
acute pancreatitis via regulating expression of aquaporins.

Research methods
Healthy male Sprague-Dawley rats were randomly divided into a sham-operated 
group (SOG), model group (MG), and  YBT-treatment group (TG), with 12 rats in each 
group. SAP was induced with 3.5% sodium taurocholate in the MG and TG. Rats in the 
TG were administered with YBT while SOG and MG rats were given the same volume 
of saline. Blood and tissue samples were harvested to detect serum inflammatory 
cytokines, histopathological changes, malondialdehyde and superoxide dismutase in 
the lung, protein and mRNA expression of kidney injury molecule-1, α-smooth muscle 
actin, and vimentin in the kidney, protein and mRNA expression of AQP1 and 4 in the 
lung, pancreas, and kidney.

Research results
The serum IL-10, TNF-α, and creatinine levels in the MG were higher than those in the 
SOG. Treatment with YBT could decrease TNF-α level. Malondialdehyde level in the 
lung was higher than that in SAP model rats. Rats of the MG had more serious 
pathological injury and edema in the pancreas, lung, and kidney, and higher protein 
expression of AQP4 in the lung and AQP1 in the kidney than those of the other two 
groups. The expression of vimentin was significantly higher in the MG than in the 
SOG. The expression of AQP1 mRNA in the lung and kidney, and AQP4 mRNA in the 
kidney in the MG were all up-regulated compared to that of the SOG.

Research conclusions
YBT might regulate water metabolism to reduce lung and kidney edema in SAP rats 
via decreasing AQP expression, and alleviate the tissue inflammatory injury.

Research perspectives
As we observed that YBT might regulate water metabolism to reduce lung and kidney 
edema in SAP rats via decreasing AQP expression, and alleviate the tissue 
inflammatory injury, further investigation of the underlying molecular mechanisms of 
YBT in regulating AQP is required to provide experimental evidence for wider clinical 
usage.
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