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A B S T R A C T   

Aims: Our study was designed to explore the function and mechanism of taxifolin on glucose metabolism and 
water-salt metabolism in kidney with metabolic syndrome (MS) rats. 
Main methods: Spontaneous hypertensive rats were induced by fructose to establish MS model. Systolic blood 
pressure (SBP) and homeostasis model assessment of insulin resistance (HOMA-IR) were measured after 7 weeks 
of continuous administration with taxifolin. Kidney injury indices and histopathological evaluation were done. 
The apoptosis rate of primary kidney cells was detected by flow cytometry. Insulin signaling pathway related 
proteins and renal glucose transport-related proteins were detected by western blotting. We assessed the effects 
of taxifolin on sodium water retention and renin-angiotensin-aldosterone system (RAAS) in MS rats. We exam
ined not only changes in urine volume, osmotic pressure, urinary sodium and urinary chloride excretion, but also 
the effects on NA+/K+-ATPase and RAAS indicators. We also detected changes in inflammatory factors by 
immunohistochemical staining and immunofluorescence. In vitro experiment, high glucose and salt stimulated 
NRK-52E cells. By adding the PI3K inhibitor (wortmannin) to inhibit the PI3K, the effects of inhibiting the PI3K/ 
AKT signaling pathway on glucose metabolism, water-sodium retention and inflammatory response were 
discussed. 
Key findings: Taxifolin effectively reversed SBP, HOMA-IR, the kidney indices and abnormal histopathological 
changes induced by MS. Besides, taxifolin called back the protein associated with the downstream glucose 
metabolism pathway of PI3K/AKT. It also inhibited overactivation of RAAS and inflammatory response. In vitro 
experiments have demonstrated that the PI3K/AKT signaling pathway plays an important role in this process. 
Significance: Taxifolin can improve homeostasis of glucose, inhibit overactivation of RAAS and reduce inflam
matory response by PI3K/AKT signaling pathway.   

1. Introduction 

Metabolic syndrome (MS) is a pathological condition in which a 
variety of metabolic substances such as carbohydrate, fat and protein are 
disturbed [1,2]. With the improvement of modern living standard, great 
changes have taken place in people’s diet structure. The imbalance be
tween nutrient intake and consumption is caused by high-energy diet, 
which leads to the increasing incidence of MS year by year, and the 
resulting complications rise sharply [3]. Related studies have found that 

most MS patients suffer from serious harm to the body due to metabolic 
disorders of various substances, resulting in disorders of glucose meta
bolism, hypertension and hyperlipidemia [4,5]. Insulin resistance (IR), 
as the central link of MS, will reduce the sensitivity and reactivity of 
insulin target organs to insulin in damaged, which is reported as a major 
risk factor for the progression of chronic kidney disease [6–8]. 

Insulin is the key hormone to maintain glucose homeostasis and 
plays an important role in glucose homeostasis. When insulin resistance 
occurs, it will lead to a decrease in the uptake and utilization of glucose 
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by insulin, and the body will compensatory secrete excessive insulin to 
maintain the stability of blood glucose. Glucose metabolism can be 
disrupted when impaired glucose tolerance occurs, resulting in sus
tained high glucose levels (glucose toxicity), which can cause kidney 
damage [9]. Several lines of evidence suggested that insulin resistance 
and the resultant hyperinsulinemia were causal related to hypertension 
[10–13]. Kidney is an important organ affecting hypertension, which 
can promote the reabsorption of sodium and the regulation of water and 
salt metabolism in kidney tubules [14,15]. The large amount of insulin 
produced by insulin resistance can excite sympathetic nerve regulation 
center, activate kidney β receptor, and make renin secrete increase, and 
thus activate RASS and increase blood pressure. In addition, the acti
vation of RASS can enhance the activity of Na+/K+-ATPase and promote 
the reabsorption of sodium in renal tubule. The inflammatory signaling 
pathway in the cell to release a large number of inflammatory cytokines 
when RAAS is overactivated [16–19]. The imbalance of water and salt 
metabolism and the release of inflammatory factors will promote the 
injury and remodeling of renal tubular epithelial cells, the proliferation 
and hypertrophy of mesangial glomeruli, which will lead to kidney 
injury and further increase of blood pressure, thus forming a vicious 
circle [20–22]. Therefore, long-term insulin resistance will lead to the 
disorder of renal glucose metabolism and water-salt metabolism, further 
aggravating the degree of renal damage. However, as a key protein 
molecule in the insulin signaling system, phosphatidylinositol 3-kinase 
(PI3K) is also an important target for the prevention and treatment of 
MS. 

Taxifolin is a natural flavonoid found in nature, modern pharmaco
logical studies have shown that taxifolin has the biological activity of 
improving microcirculation, regulating immunity, antioxidant, anti
bacterial, anti-inflammatory and antiviral [23–27]. In recent years, 
because of its medicinal value, taxifolin has been widely used in the 
treatment of atherosclerosis, dyslipidemia, cardiovascular diseases and 
other chronic diseases. Does it improve metabolic disorders and hy
pertension caused by metabolic syndrome? Therefore, we studied taxi
folin and discussed its mechanism of action. 

2. Materials and methods 

2.1. Chemicals and reagents 

Fructose (A100226-0005) was purchased from Diamond (China). 
Taxifolin (480-18-2) was purchased from Hangzhou Shangjie Chemical 
Co. LTD (Zhejiang, China). Valsartan (H200505508) was purchased 
from Huanglong pharmaceutical co., Ltd. (Hainan, China). Wortmannin 
(19545-26-7) was purchased from the MCE Company (USA). 

2.2. Animal experiments 

Male spontaneously hypertensive (SHR) rats and Wistar-Kyoto 
(WKY) rats (180–200 g) were purchased from Beijing Vital River Lab
oratory Animal Technology Co. Ltd. (Beijing, China). Rats were caged 
under a 12-h light-dark cycle in a specific pathogen-free (SPF) facilities 
and allowed free access to feeding food and drinking water. Rats were 
acclimated for at least a week before experimentation. 

WKY rats fed with a normal chow diet were the control group (WKY). 
SHR rats were fed by 10% of fructose (SHR (F)) to induce metabolic 
syndrome [28–31]. BP-600A automatic non-invasive blood pressure 
measurement system was used to measure SBP of SHR rats. SHR (F) rats 
were divided into 4 groups (n = 10) according to the principle of equal 
blood pressure and weight, including: (1) the model group SHR(F) (1 
mL/100 g distilled water, ig); (2) the low-dose taxifolin group SHR(F) +
TA-L (25 mg/kg taxifolin, ig); (3) the high-dose taxifolin group SHR(F) 
+ TA-H (50 mg/kg taxifolin, ig); and (4) the positive group SHR(F) + Va 
(30 mg/kg valsartan, ig). The study was conducted in accordance with 
the Regulations of Experimental Animal Administration issued by the 
State Committee of Science and Technology of the People’s Republic of 

China. 

2.3. Cell culture and treatments 

Rat kidney tubular ductal epithelial cell line NRK-52E was purchased 
from the Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in DMEM/LOW GLUCOSE 
1× (PE2190108, Proteineasy, China) and 10% fetal bovine serum 
(11011-8611, Tianhang, China) in a water-saturated 5.0% CO2 incu
bator (Thermo Scientific, MA, USA). The medium was added with triple 
antibodies containing 10kU/mL penicillin, 10 mg/mL streptomycin and 
5 mg/mL gentamicin. The experiment was conducted when the cells 
grew to 70%–80% in logarithmic growth period. 

NRK-52E Cells were randomly divided into 6 groups, including: (1) 
Normal control group (NC); (2) Normal control + Wortmannin group 
(NC + W); (3) Model group (M); (4) Model + Wortmannin group (M +
W); (5) Taxifolin group (TA); (6) Taxifolin + Wortmannin group (TA +
W). For establishment of high glucose and hypertonic cell model, NRK- 
52E cells were transferred to DMEM medium, containing 30 mM glucose 
and 30 mM NaCl for 24 h [32–35]. After 2 h of intervention with 1 μm 
wortmannin, added 10 mM taxifolin for 24 h. 

2.4. Measurement of systolic blood pressure 

All the rats were trained to adapt themselves to the restraining cages 
and tail-cuff apparatus for the standard non-invasive tail-cuff method 
before SBP measurement. Rats were put into the automatic non-invasive 
blood pressure measuring instrument (Techman, China) for 20 min to 
adapt, during which a certain amount of blocking pressure was appro
priate. After the heart rate stabilized, each measurement was repeated 
sextic, and the average value was the final measurement result. 

2.5. Insulin resistance index 

Blood was taken from the rat orbital vein，the serum obtained by 
centrifugation was determined by radioimmunoassay. The blood sam
ples were centrifuged at 4 ◦C, 3000 rcf for 20 min and the supernatant 
was taken. The fasting insulin level was measured by radioimmuno
assay. The blood was collected from orbital venous plexus of the rats 
once every two weeks, and fasting blood glucose was measured by 
glucometer (On⋅Call EZII, China). Insulin sensitivity was estimated by 
the homeostasis model assessment of insulin resistance (HOMA-IR) ac
cording to the following formula: HOMA IR = fasting plasma insulin ×
fasting plasma glucose / 22.5 [36]. 

2.6. Apoptosis assay 

Flow cytometry was used to determine the apoptosis of kidney pri
mary cells. It was measured by PE AnnexinV Apoptosis Detection Kit 
(Becton, Dickinson Company). Fresh kidney tissue was cut into pieces in 
1.5 mL phosphate buffer solution (PBS) washing solution, centrifuged 
(4 ◦C, 1000 rpm) for 1 min, and washed twice. 1 mL 0.5% trypsin was 
added and digested for 5 min. The digestion was observed under an 
inverted microscope. When the cells became slightly round, the diges
tion was stopped and the supernatant was centrifuged. 1 mL erythrocyte 
lysate was added to lyse for 5 min, and the fragments were removed by 
centrifugation. 10 mL PBS was added and resuspended, filtered with a 
75-mesh filter. The filtrate was transferred and centrifuged to collect 
kidney cells. After PBS was resuspended, cells were then incubated in 
100 μL labeling solution (5 μL of PE, 5 μL of 7-AAD and 90 μL of 10×
binding buffer) in darkness at room temperature for 15 min. After that, 
400 μL of 10× binding buffer was added to stop the staining reaction. 
Flow cytometric analyses were performed on a FACS AriaIII (BD Bio
sciences, USA). 
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2.7. Histopathological examination 

Kidney tissue samples were fixed and preserved in 10% neutral 
buffered formalin solution. The kidney samples isolated from rats were 
fixed in 4% paraformaldehyde, cleared in xylene, embedded in paraffin, 
and cut into 4 μm thickness by using a microtome. The kidney tissue 
sections were stained with haematoxylin-eosin (H&E), periodic acid 
schiff (PAS) and Masson’s trichrome (Masson) for the analysis of histo
logic lesions. Images were viewed and acquired by microscope (Nikon, 
Shinagawa, Tokyo, Japan). 

2.8. Urine biochemistry assay 

The urine samples were collected in a metabolic cage the night 
before dissection and the urine volume were recorded. Freezing point 
osmotometer was used to detect the urine osmotic pressure of rats in 
each group. The concentration of sodium and chloride in urine were 
detected by colorimetry kit. N-acetyl-β-D-glucosaminidase (NAG) is one 
of the markers of kidney injury, and we detected the content of NAG (E- 
EL-R0647c, Elabscience, China) by Enzyme linked immunosorbent assay 
ELISA kit. 

2.9. Detection of blood biochemical index measurement 

After 7 weeks of administration, the rats fasted for 12 h, injected 10% 
chloral hydrate into the abdominal cavity for anesthesia (3 mL/kg), took 
blood from the abdominal aorta, centrifuged at 4 ◦C at 3000 rcf for 10 
min, and collected serum. Creatinine (Cre) and urea nitrogen (BUN) are 
considered to be sensitive indicators of kidney tubular or glomerular 
epithelial injury and are used to evaluate the degree of kidney injury in 
rats. Cre was detected by picric acid method and BUN was detected by 
urease method. The contents of TNF-α (E-EL-R2856c, Elabscience, 
China) and IL-6 (E-EL-R0015c, Elabscience, China) were detected by 
ELISA according to the kit instructions. In addition, the indexes of renin- 
angiotensin-aldosterone system in plasma were detected. Concentra
tions of Renin (REN) (E-EL-R0030c, Elabscience, China), angiotensin 
converting enzyme (ACE) (E-EL-R2401c, Elabscience, China) and 
angiotensin II (AngII) (E-EL-R1430c, Elabscience, China) and aldoste
rone (ALD) (E-EL-R0070c, Elabscience, China) were examined by ELISA 
kits, according to the manufacturer’s instructions. 

2.10. Immunohistochemical staining 

The kidney tissue samples were embedded in paraffinize and sliced 
into 4 μm thick sections. After deparaffinized and rehydrated, antigen 
retrieval was performed with 10 μM sodium citrate, and treated with 
hydrogen peroxide for 20 min to inactivate endogenous peroxidase. 
Sections were blocked with 5% goat serum for 1 h, incubated overnight 
at 4 ◦C with the primary antibody anti-CD45 (proteintech, 20103-1-AP). 
The dilution ratio of anti-CD45 was 1:200. After washing with PBS, the 
secondary antibody were sequentially incubated at 37 ◦C for 30 min 
washed with PBS, and stained with diaminobenzidine (DAB) (K5007, 
DAKO, Germany). The total and positively stained cells in 6 random 
fields of each section were counted at ×400 magnification. The optical 
density (OD) of positive cells was analyzed by the Image-pro plus 6.0 
(IPP) software. The average integral OD (AIOD) was calculated as fol
lows, AIOD = positive area × OD / total area. 

2.11. Western blotting analysis 

The total proteins of kidney were extracted from the pancreas or cells 
by using RIPA lysis buffer. After protein quantitation using bicincho
ninic acid (BCA) method, 50 μg proteins in each lane were separated by 
10% SDS-PAGE gels. The proteins were transferred to polyvinylidene 
fluoride (PVDF) film (ISEQ00010, Millipore, USA). The membranes 
were blocked with 5% BSA (9048-46-8, Genview, USA) for 1 h at room 

temperature. Subsequently, the membranes were then incubated with 
Ang-II (abcam, ab8452, diluted 1:500 with 5% BSA) antibody, AKT (cell 
signaling, #2920), p-AKT (cell signaling, #4060), GS (abcam, ab40867), 
p-GS (cell signaling, #47043), p-GSK-3β (abcam, ab131097), SGLT-2 
(abcam, ab37296), GLUT-2 (abcam, ab54460), Na+/K+-ATPase (cell 
signaling, #23565) antibodies (diluted 1:1000 with 5% BSA), PI3K (cell 
signaling, #4292), GSK-3β (abcam, ab93926), β-actin (abclonal, 
AC004), β-Tubulin (abclonal, AC010) antibodies (diluted 1:5000 with 
5% BSA) overnight at 4 ◦C. After washes with 0.2% Tween20 phosphate 
buffer solution (PBST) for four times, the membranes were incubated 
with secondary antibodies (diluted 1:5000 with 5% BSA) for 1 h at 
37 ◦C. The membranes were washed four times with PBST, and the 
imaging was performed using an Odyssey Infrared Imaging System 
(LICOR, USA). The intensity of the western blot signals was quantitated 
using Image J software. 

2.12. Mitochondrial membrane potential detection 

NRK-52E cells were inoculated at a density of 10 × 104/mL on a 6- 
well plate, and the cells were randomly divided into 5 groups: (1) 
normal control group (NC); (2) model group (M); (3) 1 mM taxifolin 
group (TA-L); (4) 5 mM taxifolin group (TA-M); (5) 10 mM taxifolin 
group (TA-H). After being treated with different concentrations of drugs 
for 24 h, with JC-1 Kit (C2006 Beyotime, China) to dyeing of groups of 
cells, and then used flow cytometry instrument FACS AriaIII (BD Bio
sciences, USA) to analyze the level of mitochondrial membrane 
potential. 

2.13. Cellular immunofluorescence 

NRK-52E cells were uniformly inoculated at a density of 3 × 104/mL 
in 96-well plates (E190236X, PerkinElmer, USA). After the treatment of 
taxifolin, the cells were washed with PBS, fixed with 4% para
formaldehyde for 20 min, then permeated with 0.1% Triton for 20 min, 
and washed with PBS. Treated cells were blocked with 5% goat serum 
for 1 h at room temperature，and incubated at 4 ◦C overnight with the 
primary antibody (IL-6, ABclonal, A0286). Then incubated with sec
ondary antibody (Cy3 Goat Anti-Rabbit IgG, abclonal, AS007) for 1 h at 
room temperature. Nuclei were counterstained with DAPI for 5 min. A 
High-content imaging system (Opera Phenix, PerkinElmer, USA) was 
used to scan. The relative protein expression level was normalized 
against the Harmony 4.8. 

2.14. In-cell-western of NRK-52E cells 

NRK-52E cells were inoculated in 96-well plates (1247971, Thermo, 
USA) with a density of 3 × 104/mL. After the drug intervention, the 
medium was discarded and 4% formaldehyde was added to fix the cells 
for 20 min. 0.1% Triton was permeated for 20 min, 5% BSA was closed 
for 1.5 h at room temperature, and incubated at 4 ◦C overnight with the 
primary antibody. Then incubated with secondary antibody (goat anti- 
rabbit 925-68071, goat-mouse 925-32210, Li-COR, MO, USA) for 1 h 
at room temperature, and the intensity of the proteins was quantified 
using Odyssey (Clx, Li-COR Biosciences, USA). 

2.15. Statistical analysis 

SPSS software program (version 20.0; SPSS Inc., Chicago, IL.USA) 
was used to perform the statistical analysis. Data were presented using 
single-factor ANOVA followed by t-test. All data are presented as mean 
± S.D. Significant differences were considered statistically significant at 
p < 0.05. 
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3. Results 

3.1. Taxifolin mitigates MS-related metabolic disorder in MS rats 

At the end of the 7-week fructose feeding, the weight of SHR(F) rats 
were significantly increased compared with WKY rats (Fig. 1A). The 
systolic blood pressure of SHR(F) rats were significantly elevated 
compared with WKY group, and taxifolin administration to MS rats 
significantly reduced SBP compared with SHR(F) rats (Fig. 1B). As 
shown in Fig. 1C, fructose induced insulin resistance index were 
significantly reduced when taxifolin were administrated in MS rats. 
Furthermore, 

MS rats exhibited both elevated triglyceride (TG) and low density 
lipoprotein cholesterin (LDL-c) compared with WKY group, and taxifolin 
significantly lowered MS-induced elevated TG and LDL-c (Fig. 1D, E). In 
addition, SHR(F) rats showed significantly decreased high density li
poprotein cholesterin (HDL-c) and taxifolin significantly increased HDL- 
c (Fig. 1F). These results suggest that the metabolic syndrome model was 
successfully established in SHR(F) rats and taxifolin mitigates MS- 
related metabolic disorder. All these changes suggest that taxifolin 
might contribute to ameliorate MS-related metabolic disorder in MS 
rats. 

3.2. Taxifolin protects against kidney damage in MS rats 

Renal dysfunction induced by metabolic syndrome was confirmed by 
the disturbance of biochemical parameters and histopathologic evalua
tion. As shown in Fig. 2A, B, the significant enhancement in blood urea 
nitrogen (BUN) and creatinine (Cre) levels, suggesting an intense protein 
catabolism and a decrease in glomerular filtration rate. Moreover, N- 
acetyl-β-D-glucosaminidase (NAG) levels were also increased (Fig. 2C), 

indicating renal dysfunction. Taxifolin treatment ameliorated renal 
dysfunction, since three parameters (BUN, Cre and NAG) were signifi
cantly decreased (p < 0.01). In addition, compared with WKY rats, 
kidneys in SHR(F) rats had remarkable morphological changes. In
flammatory cells infiltration, tubular necrosis, expansion of renal cap
sules and glomerular fibrosis were shown by H&E staining (Fig. 2D). But 
taxifolin lightened the pathological changes. In the glomeruli, mesangial 
matrix expansion of kidneys, increased glomerular tuft area and 
widening of Bowman’s space were observed in SHR(F) group by PAS 
staining. But taxifolin treatment improved the phenomenon. We also 
performed Masson staining on the tissue sections to assess the level of 
collagen expression. Collagen deposition was profound in SHR(F) group, 
but taxifolin treatment reduced significantly the amount of collagen in 
renal interstitium. In contrast, taxifolin treatment ameliorated the injury 
of renal to mild, indicating that taxifolin significantly reduced MS- 
induced renal injury. All these changes suggest that taxifolin might 
contribute to ameliorate the renal dysfunction in SHR(F) rats. 

3.3. Taxifolin inhibits renal cell apoptosis in MS rats 

Apoptosis can interact with many vital processes such as inflamma
tion, programmed cell death, and adaptive immunity; therefore, we 
measured the rate of kidney cell apoptosis. Flow cytometry shows that 
the rate of kidney cell apoptosis was significantly higher in SHR(F) rats 
than that in WKY rats, and taxifolin significantly reduced this level 
(Fig. 3A). The decrease of mitochondrial membrane potential is also a 
marker of early apoptosis. To explore the molecular mechanism of 
taxifolin, the levels of mitochondrial membrane potential in NRK-52E 
cells were detected by flow cytometry. As shown in Fig. 3B, taxifolin 
significantly elevated the levels of mitochondrial membrane potential in 
NRK-52E cells in a dose-dependent manner. 

Fig. 1. Taxifolin mitigates MS-related metabolic disorder in MS rats. Rats were treated as described in “Materials and methods”. (A) The effect of taxifolin on body 
weight. (B) The effect of taxifolin on systolic blood pressure. (C) The effect of taxifolin on insulin resistance index. (D) The effect of taxifolin on serum triglyceride. (E) 
The effect of taxifolin on serum low density lipoprotein cholesterin. (F) The effect of taxifolin on serum high density lipoprotein cholesterin. **p < 0.01 compared 
with WKY group; ##p < 0.01 compared with SHR(F) group. 
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Fig. 2. Taxifolin protects against kidney damage in MS rats. The levels of Cre, BUN and NAG were determined. Rats were treated as described in “Materials and 
methods”. (A) The effect of taxifolin on Cre. (B) The effect of taxifolin on BUN. (C) The effects of taxifolin on NAG. The effect of taxifolin on BUN. Kidney tissue 
sections from each rat were stained with H&E, PAS or Masson’s trichrome. (D) Representative histological images are shown for H&E, PAS and Masson staining of 
formalin-fixed kidney tissues in each group. H&E and Masson staining (20× magnification). PAS staining (40× magnification). The magnification of H&E and Masson 
staining results were 200×. **p < 0.01 compared with WKY group; #p < 0.05, ##p < 0.01 compared with SHR(F) group. 
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3.4. Taxifolin improves glucose homeostasis and insulin signaling via 
PI3K/AKT pathway in MS rats 

Insulin signaling pathway in the kidney is thought to contribute to 
the maintenance of the renal glucose homeostasis. Therefore, it was 

studied whether taxifolin modulates the insulin signaling in the renal, 
and total and phosphorylated levels of main proteins of this pathway 
were assayed by Western blot. PI3K is associated to an earlier response 
to insulin stimulation, was diminished in SHR(F) rats in comparison 
with WKY rats. But taxifolin could upregulation of PI3K (Fig. 4A). As 

Fig. 3. Taxifolin inhibits renal cell apoptosis in MS rats. Rats and cells were treated as described in “Materials and methods” respectively. (A) The effect of taxifolin 
on the rate of kidney cell apoptosis in rats. The lower right quadrant represents the rate of early apoptosis. (B) The effect of taxifolin on the levels of mitochondrial 
membrane potential. Increased membrane potential is represented in red and decreased membrane potential is represented in green. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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shown in Fig. 4B, p-GSK3β decreased in SHR(F) rats when compared to 
WKY rats. Moreover, p-GS increased in SHR(F) rats. These results indi
cated that taxifolin prevents the blockage of the insulin signaling 
cascade observed in SHR(F) rats by modulating main proteins of the 
insulin pathway, contributing to the glucose homeostasis. In addition, to 
continue with the study of the glucose homeostasis, key proteins 
involved in renal glucose transport, namely SGLT-2 and GLUT-2, were 
evaluated by Western blot. SGLT-2 and GLUT-2 levels significantly 
increased in the renal of SHR(F) rats when compared to WKY rats, and 
these effects were partly reverted in SHR(F) rats receiving taxifolin 
(Fig. 4C). To evaluate the potential protective effect of taxifolin against 

metabolic syndrome, NRK-52E cells were pre-treated with PI3K antag
onist (wortmannin). We found SGLT-2 and GLUT-2 levels significantly 
increased and the blockage of the insulin signaling cascade after wort
mannin was added (Fig. 4D and E). All these suggest that taxifolin might 
modulate the glucose homeostasis and insulin signaling via PI3K/AKT 
pathway in MS rats. 

3.5. Taxifolin ameliorates water and sodium retention via PI3K pathway 
in MS rats 

To assess the effects of taxifolin on renal excretory function, we 

Fig. 4. Taxifolin improves glucose homeostasis and insulin signaling via PI3K/AKT pathway in MS rats. Rats and cells were treated as described in “Materials and 
methods” respectively. (A) The effects of taxifolin on levels of PI3K and p-AKT/AKT. (B) The effects of taxifolin on levels of p-GSK3β/GSK-3β and p-GS/GS. (C) The 
effects of taxifolin on levels of SGLT-2 and GLUT-2. (D) The effects of wortmannin on levels of p-AKT, p-GSK3β and p-GS in. NRK-52E cells. (E) The effects of 
wortmannin on levels of SGLT-2 and GLUT-2 in NRK-52E cells. In A, B and C, *p < 0.05, **p < 0.01 compared with WKY group; ##p < 0.01 compared with SHR(F) 
group. In D and E, * *p < 0.01 compared with NC group; ##p < 0.01 compared with M group. &&p < 0.01 compared with TA group. 
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measured urine volume, osmotic pressure, urinary sodium and chloride 
excretion. As shown in Fig. 5A, urine volume and osmotic pressure were 
significantly reduced in SHR(F) rats compared to WKY rats. We also 
observed significant decrease in urinary sodium and chloride excretion. 
Fig. 5B showed Na+/K+-ATPase activity increased in SHR(F) rats. The 
changes of these indexes indicated that renal excretory function in SHR 
(F) rats were weakened and water and sodium retention occurred. 
However, taxifolin treatment significantly ameliorated these indexes. In 
addition, the effects of taxifolin on RAAS related indexes and Na+/K+- 
ATPase were also detected. The results showed that these indicators 
were significantly increased, suggesting RAAS activation in MS rats 
(Fig. 5C). Taxifolin treatment inhibited the activation of RAAS. As a 
positive control, valsartan also inhibited the activation of RAAS. In cell 
experiments, Na+/K+-ATPase and AngII activity were increased in the 

cell model induced by high glucose and high salt, and their activity were 
significantly reduced after treatment with taxifolin. After the addition of 
PI3K antagonist (wortmannin), the activity of Na+/K+-ATPase and 
AngII increased, suggesting that taxifolin improved the water and so
dium retention, inhibited the activation of RAAS through PI3K, and thus 
control the increase of blood pressure (Fig. 5D). 

3.6. Taxifolin decreases the production of inflammatory cytokines via 
PI3K pathway in MS rats 

To assess the effect of taxifolin on the proinflammatory cytokine 
production, the levels of TNF-α, IL-6, CD45 were evaluated. As shown in 
Fig. 6A, B and C, the levels of inflammatory cytokines TNFα, IL-6, CD45 
significantly elevated while taxifolin attenuated MS-induced changes in 

Fig. 5. Taxifolin ameliorates water and sodium retention via PI3K pathway in MS rats. Rats and cells were treated as described in “Materials and methods” 
respectively. (A) The effects of taxifolin on urine volume, osmotic pressure, urinary sodium and chloride excretion. (B) The effect of taxifolin on levels of Na+/K+- 
ATPase in MS rats. (C) The effect of taxifolin on levels of RAAS. (D) The effects of wortmannin on levels of Na+/K+-ATPase and AngII. In A, B and C, **p < 0.01 
compared with WKY group; #p < 0.05, ##p < 0.01 compared with SHR(F) group. In D, * *p < 0.01 compared with NC group; #p < 0.05, ##p < 0.01 compared with M 
group. &&p < 0.01 compared with TA group. 

L. Gao et al.                                                                                                                                                                                                                                      



Life Sciences 263 (2020) 118713

9

the levels of inflammatory cytokines to different degrees. In the vitro 
experiment, we evaluated the levels of IL-6. The levels of IL-6 signifi
cantly elevated after the addition of PI3K antagonist (wortmannin). This 
indicated that the inflammatory response of cells was enhanced after the 
inhibition of PI3K, and taxifolin might decrease the production of in
flammatory cytokines via PI3K pathway in MS rats (Fig. 6D). 

4. Discussion 

Metabolic syndrome (MS) centers on insulin resistance and is char
acterized by elevated blood pressure, abnormal blood glucose and dys
lipidemia. When insulin resistance occurs, glucose tolerance decreases, 
resulting in imbalance of glucose homeostasis in the body. Persistent 
high glucose levels (glucose toxicity) can cause kidney damage 

Fig. 6. Taxifolin decreases the production of inflammatory cytokines via PI3K pathway in MS rats. Rats and cells were treated as described in “Materials and 
methods” respectively. (A) The effect of taxifolin on TNF-α. (B) The effect of taxifolin on IL-6. (C) The effect of taxifolin on CD45 (40× magnification). (D) The effect 
of wortmannin on IL-6 (20× magnification). **p < 0.01 compared with WKY group; ##p < 0.01 compared with SHR(F) group. 
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[14,34,37–39]. All these metabolic alterations were observed after 7 
weeks of fructose induction in SHR(F) rats, which demonstrate that 
metabolic syndrome occurred in rats. However, all these parameters 
were highly reverted to normal value after taxifolin treatment, indi
cating that taxifolin improves insulin resistance, lowers blood pressure 
and dyslipidemia. In this experiment, we also found that the kidney 
function of rats with metabolic syndrome was seriously damaged by 
detecting the indexes of kidney function: Cre, BUN and NAG. The 
pathological changes of the kidney were observed by H&E, Masson and 
PAS staining, in addition to the development of glomerular cyst dilata
tion, renal tubular epithelial cell shedding and vacuolization, which 
indicated that long-term metabolic disturbance would cause obvious 
kidney injury. While taxifolin significantly protected against kidney 
damage in MS rats. 

The kidney plays a crucial role in the maintenance of glucose ho
meostasis. The PI3K/AKT signaling pathway is a classic pathway for 
insulin signaling, which can regulate glucose transport, cell differenti
ation, proliferation and apoptosis by activating insulin [2]. Under 
normal circumstances, insulin activates the downstream substrate 
through receptors on the cell membrane, binding it to PI3K, and acti
vating AKT [40,41]. As a downstream protein of AKT, GSK3β is a rate- 
limiting enzyme with phosphorylation regulation of glycogen synthe
sis [42]. GSK3β reduces glycogen synthesis by inhibiting glycogen syn
thase GS. In the metabolic syndrome, glucose uptake is increased in the 
kidney, and also the insulin signaling pathway seems to be altered, 
contributing all these pathological changes to sustain the high levels of 
glucose. As shown in the results, compared with WKY rats, the levels of 
p-GSK3β decreased and the levels of p-GS increased in the kidney cortex 
in SHR(F) rats, suggesting that the glycogen synthesis content increased. 
However, taxifolin prevented the blocking of insulin signaling cascade 
observed in SHR(F) rats, reduced glycogen synthesis and promoted 
glucose homeostasis by calling back these changes. 

At the same time, sustained high levels of glucose (glucose toxicity) 
in the body can cause damage to tubular cells in the kidney due to 
increased glycogen synthesis [39]. This may be related to glucose 
transporters SGLT-2 and GLUT-2 in the kidney [43–45]. In general, in
sulin promotes glucose uptake via a signaling cascade involving many 
enzymes. Insulin activates the PI3K/AKT signaling pathway by binding 
to the IRS-1, then phosphorylates protein p-AKT to promote GLUT2 
transportation of glucose into kidney. Moreover，SGLT-2 is a trans
porter with low affinity and high transport capacity, mainly distributed 
in the proximal convoluted tubule of the kidney. Its main physiological 
function is to complete the reabsorption of 90% glucose in the glomer
ular filtration fluid. The filtration of glucose in the glomeruli and the 
reabsorption of glucose in the proximal convoluted tubules increased 
under high glucose conditions. Therefore, the activity of SGLT-2 is 
enhanced. Our experimental results also confirmed this hypothesis. The 
expression levels of SGLT-2 and GLUT-2 in SHR(F) rats were signifi
cantly increased, and the levels of these two glucose transporters were 
significantly decreased after treatment with taxifolin, suggesting that 
taxifolin can inhibit the uptake of glucose by cells, reduce the reab
sorption of glucose by kidney tubules, promote the excretion of glucose, 
and thereby improve the homeostasis of glucose. In addition, due to 
diminished the level of SGLT-2 and decreased proximal glucose reab
sorption, normal tubule-glomerular feedback mechanisms may be 
restored, contributing to reduced glomerular filtration. To further 
explore the pharmacologic activities of taxifolin, we established a high 
glucose and salt cell model to evaluate its efficacy and investigate their 
mechanism. In vitro experiments, we added the PI3K antagonist (wort
mannin) to further verify whether taxifolin can improve glucose meta
bolism disorder via PI3K/AKT pathway. Our findings demonstrated that 
taxifolin no longer exerted its pharmacological action and had no 
improvement on the disorder of glucose metabolism after the addition of 
wortmannin. The above research showed that taxifolin can improve 
glycaemic metabolism and insulin sensitivity of MS rats via PI3K/AKT 
pathway. 

The important role of kidney in blood pressure regulation is man
ifested in the regulation of sodium reabsorption and water and salt 
metabolism in kidney tubules [46]. Metabolic syndrome is often asso
ciated with elevated blood pressure. Studies have shown that the path
ogenesis of hypertension is related to water and sodium retention. 
Moreover, the highest content of Na+/K+-ATPase in kidney tissue can 
promote the reabsorption of sodium in glomerular filtrate, and the water 
can also be reabsorbed under the effect of osmotic pressure. The change 
of its activity will cause the abnormal reabsorption of sodium by the 
kidney, resulting in the disorder of the internal environment of the body 
and playing an important role in the occurrence and development of 
hypertension [47]. In addition, long-term insulin resistance can lead to 
overactivation of renin-angiotensin-aldosterone system. An inappropri
ately activated intrarenal RAAS promotes angiotensin II formation, 
causing sodium retention and increased arterial pressure [48–50]. In 
this study, we assessed the effects of taxifolin on sodium water retention 
and RAAS in MS rats. The results showed that urine volume, urine os
motic pressure, urine sodium and chlorine excreted decreased, and the 
activity of Na+/K+-ATPase increased, which suggested that water and 
sodium retention occurred in SHR(F) rats. The renin-angiotensin- 
aldosterone system was activated, aldosterone secretion increased and 
blood pressure increased. After taxifolin treatment, it could significantly 
increase urine volume and urinary sodium excretion, reduce the reab
sorption of sodium by renal tubules, increase urine osmotic pressure and 
inhibit the activity of Na+/K+-ATPase, which suggested that taxifolin 
can improve water and sodium retention caused by metabolic syndrome 
and regulate blood pressure. While in vitro experiments, our findings 
demonstrated that the activity of Na+/K+-ATPase increased and the 
overexpression of Ang II (a key factor of RAAS) in M group cells. Taxi
folin can reduce the activity of Na+/K+-ATPase and the levels of AngII. 
However, the activity of Na+/K+-ATPase and the RAAS were still in an 
overactivated state after the addition of wortmannin. These results 
suggested that taxifolin may affect sodium water retention and the 
activation of renin-angiotensin-aldosterone system by inhibiting PI3K. 

Apoptosis can interact with many vital processes such as inflamma
tion, programmed cell death, and adaptive immunity. Apoptosis has 
been previously shown to play a key role in MS progression [51,52]. 
PI3K/AKT signaling pathways plays an important regulatory role in the 
release process of inflammatory mediators and the proliferation process 
of inflammatory cells. After activation of the PI3K/Akt signaling 
pathway, the activation of AKT (P-AKT) by enhancing the activity of NF- 
κB increases the expression of a variety of inflammatory factors, such as: 
TNF-α and IL-6. Flow cytometry results show that in comparison with 
WKY rats, the apoptosis rate of primary renal cells was increased in SHR 
(F) rats, and taxifolin significantly reduced this rate. The decrease of 
mitochondrial membrane potential is one of the markers of early 
apoptosis. In vitro experiments, flow cytometry results showed that 
taxifolin increased the mitochondrial membrane potential in a dose 
dependent manner. The excessive release of inflammatory mediators 
also plays an important role in the development of metabolic syndrome. 
Kidney damage induced by metabolic syndrome will cause inflamma
tory reaction in the body and release a large number of inflammatory 
cytokines [53]. In the present study, the proinflammatory factors, TNF-α 
and IL-6 were measured by ELISA method, and CD45 was measured by 
immunohistochemical staining. The results showed that SHR(F) rats 
released a large number of inflammatory factors, of which TNF-α, IL-6, 
and CD45 play important roles in the pathologic process of renal injury. 
But taxifolin can alleviate kidney damage by inhibiting these inflam
matory factors. However, this protective effect was blocked by the in
hibition of PI3K gene, indicating taxifolin might decrease the production 
of inflammatory cytokines via PI3K pathway in MS rats. 

The kidney is the main organ regulating glucose homeostasis and 
blood pressure and plays an important role in metabolic syndrome rats. 
Insulin resistance is a central component of the metabolic syndrome, and 
the PI3K/AKT insulin signaling pathway also plays an important role. 
This study explored the regulation mechanism of taxifolin on kidney 
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glucose and blood pressure by selecting this signaling pathway. Through 
the PI3K/AKT signaling pathway, taxifolin can improve the downstream 
GSK3β/GS signaling pathway to reduce glycogen synthesis, inhibiting 
glucose uptake by SGLT-2 and GLUT-2. At the same time, it can also 
reduce blood pressure through inhibiting RAAS and the level of Na+/K+- 
ATPase to improve water and sodium retention and reduce the inflam
matory response. 

5. Conclusion 

Taxifolin can regulate glucose homeostasis, inhibit excessive acti
vation of RAAS system, improve water and sodium retention, reduce 
inflammatory reaction, and thereby improve disorders of glucose 
metabolism and water-salt metabolism in kidney through PI3K/AKT 
signaling pathway in metabolic syndrome rats. 
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