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ABBREVIATIONS 

 

6-keto-PGF1α                           6-keto-prostaglandin F1α  

ACT                                acteoside 

AngII  angiotensin II  

AUC  area under the curve 

BCAA  branched-chain amino acids 

CA                           caffeic acid 

CE  collision energy 

CGN                          chronic glomerulonephritis 

CGRP                           calcitonin gene-related peptide  

ConA                            concanavalin A 

CTGF  connective tissue growth factor  

Dihuang  Rehmanniae Radex 

Dihuangye  the leaves of Rehmannia glutinosa Libosch. 

DM  diabetes mellitus 

DN  diabetic nephropathy 

DOPAC                           3,4-Dihydroxyphenylacetic acid 

DOPE                            3,4-dihydroxyphenylethanol 

DP  declustering potential 

DTG  Total glycosides of Dihuangye 

ECM  extracellular matrices 

ET                            endothelin 

FC  fold change 

FN                          fibronectin 

GAPDH  human glyceraldehyde-3-phosphate dehydrogenase  

GBM  glomerular basement membrane 

Glu  glucose 

Glu A                            glucuronic acid 

GO                           gene ontology 

HE  hematoxylin–eosin 

HG                            high glucose 

HVA                             homovanillic acid 

IL-1                           interleukin 1 
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IL-6                           interleukin 6 

Irb  irbesartan 

KEGG                   kyoto encyclopedia of genes and genomes 

LC-MS   liquid chromatography-mass spectrometry 

LPS  lipopolysaccharide 

MMPs  matrix metalloproteinases 

MOPE                            homovanillyl alcohol 

MT1-MMP  membrane type 1-MMP   

MTT  
3-(4,5)-dimethylthiazolyl (-Z-Y1)-3, 5-diphenyltetrazolium 

bromide  

NHDF  normal human dermal fibroblasts  

OPLS-DA   orthogonal partial least squares discriminant analysis 

PAN  puromycin 

PAS   periodic acid-Schiff 

PCA   principal component analysis 

PHN                            passive Heymann nephritis 

PI3K  potent inhibitor of phosphatidylinositol3-kinase 

PLSD  protected least significant difference  

PPI   protein-protein interaction 

QC   quality control 

Rha                           rhamnose 

ROC   receiver operating characteristic 

RT  reverse transcription 

SDS-PAGE  sodium dodecyl sulfatepolyacrylamide gel electrophoresis  

SEM                            standard error of the mean 

STZ   streptozotocin 

TCM  traditional Chinese medicine 

T2D  type 2 diabetes 

T2DM  type 2 diabetes mellitus 

TICs   total ion chromatograms 

TGF-β                    transforming growth factor-β 

TIMPs  tissue inhibitors of metalloproteinases  

TNF-α                             tumour necrosis factor α 

TXB2                            thromboxane B2 

UmACR  urinary microalbumin/creatinine ratio 
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UHPLC-Q/TOF MS     
ultra-high-performance liquid chromatography coupled 

with quadrupole time-of-flight tandem mass spectrometry 

VIP  variable importance in projection 

WB  western blot  

WT  wild-type 

X                          pyrocatechol 
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INTRODUCTION 

 

Rehmannia glutinosa Libosch. 

is an excellent product of medicinal 

and food origin in traditional 

Chinese medicine (TCM), first 

recorded in the (Sheng Nong's herbal 

classic). Rehmanniae Radix 

(Dihuang) as a commonly used TCM 

is officially listed in the 

Pharmacopoeia of the People's 

Republic of China1). The leaves of 

Rehmannia glutinosa Libosch. 

(Dihuangye) are the aboveground 

part of Dihuang although not as widely used and often discarded as waste, but also had a long 

history of TCM, as early as in the Tang Dynasty2) (Dietetic Materia Medica) was recorded. It 

has similar effects as Dihuang. The Valuable Prescriptions for Emergency has also recorded 

that “The Dihuangye was mashed and applied every day, and salt soup was washed first to treat 

skin ulceration on cheeks3). For turned waste into treasure, Dihuangye was officially included 

in the Beijing Traditional Chinese Medicine Standards in 19982). 

Both Dihuangye and Dihuang have various pharmacological effects, such as improving 

immunity, enhancing hematopoietic function, and anti-tumorigenesis4). In Chinese medicine, 

they are prescribed as a health tonic, urological, skin disease, and women's medicine3) (The 

Pharmaceutical Society of Japan). There are many similar chemical components such as iridoid 

glycosides, phenylethanol glycosides, and amino acids in Dihuang and Dihuangye. Recent 

studies have shown that the content of some iridoid glycosides and phenylethanol glycosides in 

Dihuangye is higher than in Dihuang5).  

Dihuangye’s Total Glycoside (DTG) capsule, which is made by phenylethanol glycoside 

group in the Dihuangye, has been developed by our team as a new Class II Chinese drug for the 

treatment of renal disease. Since DTG capsule has been officially launched into the market from 

2011, it has the effect of nourishing yin and tonifying kidney, promoting blood circulation, and 
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blood cooling3). In addition, the drug has been shown to exhibit good therapeutic effects in 

reducing urinary protein6), chronic nephritis7), and diabetic nephropathy (DN)8). Thereby, DTG 

capsule has a favorable reputation to improve kidney function and protecting kidney with a high 

degree of safety. However, the main active ingredients of DTG capsule as TCM preparations 

are unclear, which seriously affects the clinical usage and global promotion. 

Acteoside (ACT, C29H36O15) is known as verbascoside and widely exists in various TCM 

of the Verbenaceae, Labiatae, Xanthaceae and Miscanthaceae families, especially in the 

Dihuangye9). It is worth mentioning that ACT is the main component in DTG accounting for 

about 35%, and that in DTG capsule about 12% (Capsule preparation made from DTG as raw 

material with an appropriate amount of starch added). Moreover, it has been reported that 

metabolites of ACT are detectable in diabetic nephropathy (DN) animals treated with DTG10). 

Therefore, ACT is suggested to be an active candidate of DTG and/or DTG capsule for treating 

kidney diseases. However, it is not known whether acteoside and/or its metabolites improve 

renal dysfunction and exert renoprotective activity. 

In this study, to identify the major active components of DTG capsules for the treatment 

of renal failure and to analyze the medicinal effects of these components, I have characterized 

in-vivo metabolites of ACT in animal models of renal failure, and investigated the effects of 

these components on renal function in vivo and in vitro. In CHAPTER 1, I have identified ACT 

metabolites in a rat model of chronic glomerulonephritis treated with ACT. In addition, I have 

demonstrated the therapeutic effects of ACT and its metabolites on renal damage in the rat 

model. In CHAPTER 2, I have demonstrated the improvement effects of ACT and its 

metabolites on renal damage in a mouse model of diabetic nephropathy. Furthermore, in 

CHAPTER 3, to elucidate the molecular mechanism of the improvement effects of ACT and 

their metabolites on renal injury, I have demonstrated the pharmacological actions of acteoside 

and their metabolites on cellular functions in three types of renal glomerulus-derived cells under 

inflammatory and high-glucose conditions in vitro. 
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CHAPTER 1 Identification of ACT and its metabolites and their renal 

protective effects in a rat model of chronic glomerulonephritis (CGN) 

 

1.1 Introduction 

ACT is a compound composed of two glycosides; 3,4-dihydroxyphenylethanol (DOPE) 

and caffeic acid (CA), in which glucose (Glu) and rhamnose (Rha) have a wide range of 

biological activities such as anti-inflammatory11-12), antitumor13), hepatoprotective14), osteoblast 

proliferation and differentiation15), neuroprotective16), and immunomodulatory activities17). In 

addition to such diverse biological activities, ACT is characterized by its lack of teratogenic 

activity and high safety properties18). For the last few years, ACT has been increasingly studied 

in the field of nephrology, and its biological activity in the treatment of kidney disease has been 

gradually discovered and recognized19-20). 

The identification of metabolites of ACT in vivo is indispensable for illustrating its 

metabolic patterns and proposed mechanisms. Previous studies have reported that ACT is a 

prodrug and converted to active metabolites or intermediates to perform pharmacological 

actions in gastrointestinal tract and liver21-23). The metabolic behaviors of ACT in vivo have 

shown that the metabolites were concentrated on less polar compounds24). However, such 

metabolic behavior of ACT remains unclear in a disease animal model, which might differ from 

normal animal model. Furthermore, such data obtained in a pathological model might be more 

meaningful than that in a normal one for clinical applications. Moreover, an in-depth study of 

metabolic profile of ACT by oral administration is considered to be essential for understanding 

both physiological and pathological conditions.  

In this Chapter, I have examined metabolite identification in normal and passive Heymann 

nephritis (PHN) rats as a model for CGN by an ultra-high-performance liquid chromatography 

coupled with quadrupole time-of-flight tandem mass spectrometry (UHPLC-Q/TOF MS)25-26). 

Comprehensive metabolites of ACT in rat plasma, feces, and urine after its oral administration 

were studied. In addition, metabolites in urine samples were validated after ACT administration 

into the pathological rat model to evaluate the clinical efficacy of ACT in CGN. Furthermore, I 

have investigated the renoprotective effect and possible mechanisms of ACT on adhesion 
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molecule and inflammatory cytokine production, vasoactive substance balance, platelet 

aggregation, the level of transforming growth factors and matrix proteins in vivo and in vitro.  

 

1.2 Materials and Methods 

1.2.1 Extraction, purification, and structural identification of ACT 

1.2.1.1 Extraction and purification 

ACT was isolated from Dihuangye. Dry leaves of Rehmannia glutinosa Libosch. were 

extracted twice, each for 60 min with ethanol. The extracts were combined and concentrated, 

and then placed overnight. Supernatant was added to the processed macroporous resin SP825 

chromatography column, eluted according to priority: water, 15% ethanol, and 95% ethanol. 

The 95% ethanol elute was collected and concentrated to small volume, and then dried by low-

temperature and vacuum. The dry matters were pulverized into a fine powder (60 mesh). The 

powder was extracted with acetone, and then dried and pulverized into a fine powder (80 mesh). 

Recrystallization with methanol-chloroform to be white crystal, and the purity of ACT was 

≥98%.  

1.2.1.2 Physical and chemical properties of the crystal 

FUP 151～153°C; UV λ
MeOH

max (nm): 208 (4.30), 217 (4.45), 292 (4.10), 329 (4.25); IR υ
KBr

max

(cm-1): 3424 (OH), 2931 (C-H), 1701 (conjester), 1629 (C=C), 1604, 1523; FAB-MS (m/z): 

623 [M]-; 1H-NMR (500M DMSO-d6, TMS):δPPM:0.966 (d, J=6 Hz, 3H, Rha.CH3), 2.699 (t, 

J=8.5Hz, 2H, Phenylethanol Hβ), 4.356 (d, J=8Hz, 1H, Glc. H1), 4.722 (t, J=9.5Hz, 1H, Glc. 

H4), 5.024 (s, 1H, Rha, H1), 6.201 (d, J=16 Hz, 1H, caffeic acid Hα), 6.484~7.028 (6H, aromatic 

proton signal), 7.460 (d, J=15.5Hz, 1H, caffeic acid Hβ), 8.688, 8.751, 9.187, 9.623 (4×OH). 

Data of 13C-NMR were shown in Table 1-1. Compared with the literatures27), it was proved to 

be the ACT (CAS 61276-17-3) (Figure 1-1). 
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Table 1-1 13C-NMR chemical shifts of the parts of ACT 

 

CA 1 125.515 DOPE 1 129.082 

2 114.725 2 116.310 

3 145.571 3 145.007 

4 148.475 4 143.567 

5 113.567 5 115.777 

6 121.446 6 119.556 

β’ 145.571 β 35.019 

α’ 115.464 α 70.293 

co 165.719   

Glc 1 102.273 Rha 1 101.253 

2 74.514 2 70.537 

3 79.041 3 70.537 

4 69.112 4 71.634 

5 74.514 5 68.761 

6 60.790 6 18.194 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1 The structure of ACT 
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1.2.2 Chemicals and reagents 

Prednisone acetate tablets (Pred) (lot: 0606027) were purchased from Tianjin Lisheng 

Pharmaceutical Co., Ltd. (Tianjin, China). DOPE was purchased from Tokyo Chemical 

Industry Co., Ltd. (Tokyo, Japan); DOPAC and homovanillic acid (HVA) were purchased from 

Acros Organics (New Jersey, USA); and pyrocatechol (X) was purchased from Sinopharm 

Chemical Reagent Co., Ltd. (Beijing, China). Homovanillyl alcohol (MOPE) was purchased 

from Sigma Aldrich (Steinheim, Germany). The purity of the reference substances was ≥ 98%. 

Methanol for extraction was obtained from Honeywell Burdick and Jackson (Swedesboro, NJ, 

USA). HPLC-grade acetonitrile was purchased from Merck Company (Rahway, NJ, USA). MS 

grade formic acid was purchased from Thermo Fisher Scientific (San Jose, CA, USA). All the 

other chemicals and reagents were of analytical grade. 

 

1.2.3 Materials  

Freund's adjuvant, complete and incomplete (Cat# F5881 and F5506), concanavalin A 

(ConA) (Cat# C-2631), lipopolysaccharide (LPS) (Cat# L-4391), and IgG from rabbit serum 

(Cat# I5006) were purchased from Sigma-Aldrich (St. Louis, USA). Urinary protein reagent 

(Cat# UP1570) was purchased from Randox Laboratories (UK). ELISA kits for albumin (Cat# 

Y002) and creatinine (Cat# 1032) were purchased from Beijing Beihua Kangtai Clinical 

Reagents Co., Ltd (Beijing, China). Immunohistochemical staining kit (Cat# SP9001) was 

purchased from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd (Beijing, China). ELISA 

kits for endothelin (ET), calcitonin gene-related peptide (CGRP), 6-keto-prostaglandin F1α (6-

keto-PGF1α), thromboxane B2 (TXB2) were purchased from Liberation Army General 

Hospital Science and Technology Development Center (Beijing, China). Anti-CD3 (Cat# 

MR5301), anti-CD4 (Cat# MR5104), and anti-CD8 (Cat# MR5206) were purchased from 

Caltag Laboratories (USA). ELISA kits for interleukin 6 (IL-6) (Cat# 2705KI), tumor necrosis 

factor  (TNF-) (Cat# 551225) were purchased from BD Biosciences (USA). Transforming 

growth factor- (TGF-) rabbit polyclonal antibody (Cat# SC-146) was purchased from Santa 

Cruz Biotechnology (USA). Fibronectin (FN) rabbit polyclonal antibody (Cat# orb10665) was 

obtained from Dako Cytomation (Denmark). Proteinase K (Cat# 39450-01-6) was purchased 

from Merck (Germany). Anti-rabbit IgG (20060123) was purchased from Academy of Military 

Medical Sciences (Beijing, China). MTT was from Sigma-Aldrich, subassembly by Kehai 

Company. Fetal bovine serum (FBS), trypsin-EDTA solution (0.25%: 0.02%), Dulbecco’s 



 

 

 

 

10 

modified Eagle’s medium (DMEM), DMEM/F12, penicillin-streptomycin liquid were 

purchased from GIBCO (Gaithersburg, USA). 

 

1.2.4 Animals 

CGN rat model: Male Sprague-Dawley (SD) rats were used for the PHN model. One 

hundred and forty male rats were purchased from Beijing Vital River Laboratory Animal 

Technology Co. Ltd, SCXK (jing) 2002-0003 (Beijing, China), animal feeding place during the 

experiment: Animal Room, Medical Laboratory Animal Center, China Academy of Chinese 

Medical Sciences, Experimental facility License SYXK (Beijing) 2005-0028. Eight male 

Japanese white rabbits with initial body weights of 2 to 2.5 kg were used. The rabbits were 

purchased from National Institute for the Control of Pharmaceutical and Biological Products, 

SCXK (jing) 2005-0004 (Beijing, China), animal feeding place during the experiment: Institute 

of Basic Theory, China Academy of Chinese Medical Sciences, Experimental Facility License 

SYXK (Beijing) 2005-0024.  

Normal rats for metabolic validation research: Eight SD rats, male, 240-260 g, provided 

by Vital River Laboratory Animal Technology Co., Ltd, approved No. SCXK (jing) 2012-0001. 

The animal experiment was reviewed and approved by the Animal Ethics Committee of 

Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, resolution 

number: 20152023. Six SD rats in the ACT group and two rats in the blank group for metabolic 

research. ACT was dissolved in saline solution with the concentration of 5.0 mg/mL. After 

fasted for 12 h, the rats were given an oral dosage of 50 mg/kg ACT. At the same time, the 

blank group was orally administered with the same dose of saline solution. Plasma samples 

were collected at 0, 0.5, 1, 2, 4, 8, 24, and 48 h. Urine samples were collected from each rat 

using metabolic cages during intervals of 0-2, 2-4, 4-8, and 8-24 h. Feces were collected daily 

for 2 days. All samples were stored at -20°C until analysis. 

Puromycin (PAN) nephropathy model rats28) for metabolic validation research: twenty-one 

male SD rats (6 weeks) were purchased from Beijing Vital River Laboratory Animal 

Technology Co. Ltd and raised in the Animal Center of Peking University First Hospital (clean 

grade). The animal experiment was reviewed and approved by the Animal Ethics Committee 

of Peking University First Hospital, resolution number: J201644. After 3 days of environment 

adaptation, they were randomly divided into 3 groups, the PAN + ACT group for this study. 

On day 0 of the experiment, groups 2 and 3 were given a single intraperitoneal injection of PAN 
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(American Sigma P7130) 15 mg/100 g, and the PAN + ACT group was given 10 mg/kg ACT 

daily by gavage. Urine samples were collected at 0, 5, 10, 15, and 20 days and stored at -20°C 

until analysis. 

All animal experiments were conducted according to the standards recommended by the 

drug non-clinical pharmacokinetics of guiding principles (China Food and Drug Administration) 

and the experimental animal drug delivery technology. All animals were housed under 

controlled conditions of light and darkness (12:12 h). The temperature was 18-23 ℃ and the 

relative humidity was 40-70%. Standard rat pellet diet and standard rabbit pellet feed were 

purchased from Beijing Keaojieli Feed Co., Ltd (Beijing, China). Tap water were available ad 

libitum. Animal studies were conducted according to Guide for the Care and Use of Laboratory 

Animals (National Institutes of Health). 

 

1.2.5 Sample preparation for metabolic research 

The plasma and urine samples were mixed with 6-fold volumes of 0.1% Vitamin C/water-

MeOH (1:9) by vortex mixing. The feces samples were homogenized with 60 volumes of 0.1% 

Vitamin C/water-MeOH (1:9), vortex-mixed for 1 min. After ultrasonic extraction for 30 min, 

the extract centrifuged at 15000 rpm at 4°C for 15 min. The supernatant was evaporated under 

nitrogen. The residues were reconstituted with 100 μL MeOH and centrifuged at 15000 rpm at 

4°C for 10 min. The supernatant was injected into the chromatographic system for analysis. 

 

1.2.6 Chromatographic and mass spectrometry conditions 

An Agilent 1290 Infinity Ⅱ UHPLC system and 6530 Q-TOF with a dual AJS/ESI ion 

source were used. Samples were separated on a YMC-Pack ODS-AQ C18 column (4.6 mm × 

150 mm, 5 μm). The column temperature was maintained at 30 °C. The flow rate was 0.5 

mL/min. The mobile phase consisted of water containing 0.01% formic acid (A) and acetonitrile 

(B). For the metabolite identification of the glomerulonephritis model urine sample conditions, 

the online LTQ Orbitrap Velos Pro (Thermo Fisher Scientific Inc.) combined with UHPLC via 

an ESI interface was used. LC separation was carried out on an Agilent Eclipse XDB-C18 (4.6 

mm × 150 mm, 3.5 μm) column. The mass spectra were recorded in simultaneous negative 

NEF-ionization full-scan mode in the range of m/z 100~1000. The ESI source parameters were 

set as follows: collision energy, 20 eV; sheath gas temperature, 350 °C; gas temperature, 325 °C; 

sheath gas flow rate, 11 arb; nebulizer rate, 40 psi; gas flow rate, 8 L/min; and injection volume, 
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1 μL. The data were analyzed by Agilent Center Metabolite ID Software B.04.00 (G2211AA), 

and then the metabolites were verified with the endogenous metabolite database “Scripps 

Center for Metabolomics” and unique structure analysis software from Agilent “MassHunter 

MSC (Molecular Structure Corporation)”.  

 

1.2.7 Preparation of chronic glomerulonephritis rats 

1.2.7.1 Preparation of anti-glomerular basement membrane serum 

Healthy SD rats anesthetized with urethane were perfused in the abdominal aorta under 

sterile conditions until the kidney was bloodless. Under sterile ice bath conditions, the kidney 

cortex was cut up, ground and passed through a 200-mesh wire mesh and centrifuged at 1500 

rpm for 10 min. The sediment was taken, and Fever's complete adjuvant (Fever's incomplete 

adjuvant from the second immunization) was added. The sample was then ground and mixed 

thoroughly to form an emulsion containing 10% kidney tissue. The rabbits were immunized 

with the emulsion at 1 mL/each by subcutaneous multipoint injection once a week 12 times. 

For the first immunization, BCG vaccine plasma was added at a concentration of 4 mg/mL. 

Five days after the last injection, rabbit serum was obtained from the carotid artery. After 

inactivation of the complement in a 56 °C water bath and absorption with rats for 1 h, the serum 

was centrifuged to obtain nephrotoxic serum. The anti-glomerular basement membrane serum 

was aseptically divided and stored in a low temperature freezer at -20 °C. 

 

1.2.7.2 Construction of rat models 

A total of 120 rats were reselected, thus leaving 10 rats as the control group. The other rats 

were pre-immunized by subcutaneous multipoint injection of rabbit IgG 5 mg (IgG 5 mg mixed 

well with 1 mL of Freund's complete adjuvant). Six days later, the rat was injected with 0.06 

mL/kg anti-glomerular basement membrane serum via the tail vein. After 14 days, the urine of 

the rats was collected in a metabolic cage, and the 24-h urine protein was measured. Serum was 

collected from the orbital vein, and the creatinine level in the serum was determined. The 

animals were randomly grouped. ACT was prepared with distilled water at concentrations of 1 

mg/mL, 2 mg/mL and 4 mg/mL. Pred were prepared in distilled water to prepare a suspension 

at a concentration of 0.7 mg/mL. 
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1.2.8 Detection index 

On the 7th and 14th days of administration, the rats were anesthetized with pentobarbital 

sodium 30 mg/kg, and blood was taken from the abdominal aorta. Serum creatinine 

concentrations were determined using commercially available kits with a semiautomatic 

biochemical analyzer. The serum levels of TNF- and IL-6 were determined by ELISA kits in 

accordance with the manufacturer's instructions. The leukocyte expression of CD3, CD4, CD8, 

and CD18 was measured by flow cytometry. Twenty-four-hour urine protein was measured 

using urine protein assay kits. Blood was anticoagulated with 3.8% sodium citrate 

(anticoagulant:blood = 1:9). Platelet-rich plasma was centrifuged, and the maximum percentage 

of platelet aggregation was determined. Plasma levels of ET, CGRP, TXB2, and 6-keto-PGF1 

were determined by radioimmunoassay, and the anticoagulant used was peptidase-inhibiting 

EDTA 2Na. After the animals were sacrificed, the kidneys were removed and fixed in neutral 

formalin. The kidneys were dehydrated, paraffin-embedded and sectioned according to routine 

procedures, and the expression of TGF- and fibronectin (FN) was detected by 

immunohistochemistry. 

Ninety milligrams of spleen were ground with RPMI-1640 medium containing 10% FBS 

to an approximately 10 mL volume. Cell counts were performed on each tube and the cell count 

was adjusted to 5×106 cells/mL. Splenocyte suspension from each rat was added separately to 

a 24-well culture plate at 800 μL cell suspension per well. The cells were treated with 200 μL 

LPS or ConA. The final concentration of LPS or ConA was 5 μg/mL. The cells were incubated 

in a 5% CO2 incubator at 37 °C for 96 h. The plate was centrifuged at 2000 rpm for 10 min. 

Then, 600 μL of supernatant per well was collected to test the levels of IL-6 and TNF-α. The 

rest of the supernatant was discarded, and 200 μL of MTT was added at 0.5 mg/mL and 

incubated for 2 h. The supernatant was centrifuged and aspirated. DMSO was added to lyse the 

precipitated cells, and the optical density (OD) was measured at a wavelength of 570 nm. The 

OD value was used to represent the lymphocyte proliferative activity. 

 

1.2.9 Cell culture 

RAW 264.7 cells were purchased from Cell Center, Institute of Basic Medical Sciences 

Chinese Academy of Medical Sciences (Beijing, China). RAW 264.7 cells were cultured in 

RPMI-1640 medium containing 10% FBS and sub-cultured twice weekly. Cells were digested 

with 0.25% trypsin, dispersed with high glucose DMEM culture medium containing 10% FBS 



 

 

 

 

14 

to single cells, adjusted to 1×105 cells/mL and inoculated into 96-well plates at 100 μL/well. 

After 24 h of cell culture, the culture fluid was aspirated and discarded. The culture wells were 

divided into the normal control group, LPS group and LPS + ACT different concentration 

groups. After incubation for 24 h in a 5% CO2 incubator at 37 °C, the plates were removed, and 

the supernatant was collected for the determination of IL-6 and TNF- by ELISA. 

 

1.2.10 Statistical analysis 

SPSS 25.0 software (IBM Corp, Armonk, New York, USA) was used for the statistical 

analysis. The results are presented as the mean ± standard error of the mean (SEM). One-way 

ANOVA was used to determine differences among groups. If the distribution of the variables 

was not parametric, the data were analyzed using the nonparametric Mann‒Whitney test. 

Comparisons between groups were made using Kruskal‒Wallis one-way ANOVA on ranks with 

pairwise multiple comparisons made by Dunnett’s method. The statistical significance level 

was defined as P < 0.05. The figure asterisk indicates statistical significance. A graph of the 

resulting data was created using GraphPad Prism 7.0 software (GraphPad Software Inc., San 

Diego, CA, USA). 

1.3 Results  

1.3.1 Metabolite profiles in plasma, feces, and urine samples 

A total of 5 metabolites (M25, M30, M40, M44, M46) were identified within 0-48 h (0, 

0.5, 1, 2, 4, 8, 24, and 48 h) pooled plasma samples from rats (Figure 1-2). After oral 

administration of ACT, M44 and M46 were detected at 0.5 h and almost disappeared at 8 h. 

M25, M30 and M40 could be detected at 0.5 h and reached their highest levels at 2 h, then 

gradually decreased, and disappeared 48 h later. The metabolites of ACT in fecal samples 

(M1~4, M44, M46) were summarized (Figure 1-3). After oral administration of ACT, M44 

and M46 were detected at 24 h and almost disappeared 48 h later. M1~4 could be detected at 

24 h and 48 h in fecal samples. In particular, M2 was detected at 24 h and gradually decreased 

48 h later. The metabolites of ACT in urine samples were displayed (Figure 1-4). The prototype 

and isomer of ACT were not detected in urine samples. However, the prototype and isomers 

for DOPE (M13), DOPAC (M16), HVA (M28), C-4 (M29 and M49) and C-6 (M26 and M36) 

could be detected. Most of the metabolites were found after 4 h of dosing, up to 8 h, and then 
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decreased gradually at 48 h later (Table 1-2). 

 

Figure 1-2 The total ion chromatograms of rat plasma samples at 0 h (blank), 0.5, 1, 2, 4, 

8, 24, and 48 h after oral administration of ACT by UHPLC-Q/TOF MS in negative ion 

mode 

The unit of vertical axis is ion strength (unified scale), and the horizontal axis represents the retention time 

(min). These results can preliminarily determine the temporal trend of changes in blood components. 

 
Figure 1-3 The total ion chromatograms of rat feces samples at 0 (blank), 24, and 48 h 

after oral administration of ACT by UHPLC-Q/TOF MS in negative ion mode.  

The unit of vertical axis is ion strength (unified scale), and the horizontal axis represents the retention time 

(min). These results can preliminarily determine the temporal trend of changes in feces components. 

Plasma 0.5 h

Plasma 1 h

Plasma 2 h

Plasma 4 h

Plasma 8 h

Plasma 0 h (blank)

Plasma 24 h

Plasma 48 h

Feces (blank)

Feces 24 h

Feces 48 h
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Figure 1-4 The total ion chromatograms of rat urine samples at 0 (blank), and 2, 4, 8, 24, 

and 48 h after oral administration of ACT by UHPLC-Q/TOF MS in negative ion mode.  

The unit of vertical axis is ion strength (unified scale),and the horizontal axis represents the retention time 

(min). These results can preliminarily determine the temporal trend of changes in urine components. 

 

Table 1-2 Metabolites of ACT in rats 

Urine 2 h

Urine 4 h

Urine 8 h

Urine (blank)

Urine 24 h

Urine 48 h

NO. 
tR 

(min) 

Molecular 

formula 

Exact 

mass (Da) 

Measured 

mass (Da) 

Diagnostic 

product 

ions 

Error 

(ppm) 

Biotransformat

ion Pathways 
Source 

M1 4.08 C15H16O12 387.0558 387.0598 

222.8205, 

197.0089, 

181.0098, 

179.0003 

10.33 

HVA 

Carboxylation + 

Glucuronidation 

F 

M2 4.31 C14H14O12 373.0402 373.043 

197.0

067, 

178.9932 

7.63 

DOPAC 

Carboxylation + 

Glucuronidation 

F 

M3 4.39 C14H14O11 357.0452 357.0484 181.0141 8.86 

CA 

Demethylation + 

Oxidation + 

Glucuronidation 

F 

M4 4.43 C15H16O12 387.0558 387.0593 

211.0224, 

193.0156, 

181.0168, 

179.0019 

9.04 

HVA 

Hydroxylation + 

Glucuronidation 

isomers  

F 

M5* 6.98 C8H10O7S 249.0063 249.008 

167.0360, 

149.0249, 

123.0455, 

108.0212, 

80.9654 

6.63 

DOPE 

Hydroxylation 

and Sulfation 

U 
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M6 15.19 C15H20O10 359.0973 359.0994 

231.0488, 

197.0465, 

175.0236 

5.92 

HVA 

Glucuronidation 

+ Hydroxylation 

U 

M7 15.41 C29H38O18 673.1974 673.1955 

329.0877, 

297.0629, 

294.0716, 

249.0095 

-2.88 

ACT 

Hydrogenation + 

Oxidation 

U 

M8 15.42 C14H18O9 329.0867 329.0901 

175.0247, 

153.0538, 

123.0472, 

113.0255 

10.31 

DOPE 

Glucuronide 

Conjugation 

U 

M9* 15.62 C8H10O7S 249.0063 249.0085 

169.0495, 

155.9877, 

123.0459, 

94.9815, 

80.9641 

8.64 

DOPE 

Hydroxylation 

and Sulfation 

isomers 

U 

M10 15.71 C14H18O9 329.0867 329.0885 

175.0229, 

153.0569, 

123.0307 

113.0248 

5.44 

DOPE 

Glucuronide 

Conjugation 

U 

M11 15.9 C8H8O8S 262.9856 262.9878 

183.0305, 

140.0354, 

124.0114, 

123.0107, 

95.0088 

8.31 

DOPAC 

Hydroxylation 

and Sulfation 

U 

M12 15.91 C15H20O9 343.1024 343.105 

267.0425, 

223.0810, 

193.0298, 

167.0717, 

152.0473, 

113.0224, 

96.9686 

7.7 

MOPE 

Glucuronide 

Conjugation 

U 

M13* 16 C8H10O3 153.0546 153.0558 
123.0

438 
7.71 DOPE Parent U 

M14* 16.18 C8H10O9S2 312.9682 312.97 

233.0

125, 

153.0563, 

123.0461, 

69.9602 

5.59 

DOPE Di-

Sulfate 

Conjugation 

U 

M15 16.2 C15H18O10 357.0816 357.0836 

237.0408, 

181.0556, 

177.0193, 

151.0403, 

137.0607, 

123.0465 

5.54 

HVA 

Glucuronide 

Conjugation 

U 

M16* 16.21 C8H8O4 167.0339 167.0341 

149.0198, 

137.0280, 

123.0465, 

109.0280 

1.29 DOPAC Parent U 

M17* 16.53 C8H8O7S 246.9907 246.993 
123.0463, 

80.9620 
9.31 

DOPAC Sulfate 

Conjugation 
U 

M18* 16.74 C11H13NO5 238.071 238.0725 160.0409 6.31 
HVA Glycine 

Conjugation 
U 

M19* 16.95 C8H10O6S 233.0114 233.0135 

153.0559, 

123.0455, 

96.9598 

8.86 
DOPE Sulfate 

Conjugation  
U 
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M20* 17.15 C9H12O7S 263.022 263.024 

183.0680, 

137.0606, 

96.9551 

7.61 

MOPE 

Hydroxylation 

and Sulfation 

U 

M21 17.18 C13H17NO6S 314.0693 314.071 

234.0155, 

158.0834, 

114.0942 

5.46 

DOPE N-

Acetylcysteine 

Conjugation and 

Desaturation 

U 

M22 17.33 C8H10O9S2 312.9682 312.9717 

233.0126, 

153.0553, 

123.0443, 

96.9604 

11.02 

DOPE Di-

Sulfate 

Conjugation 

isomers 

U 

M23* 17.39 C8H10O6S 233.0114 233.0132 

153.0557, 

123.0452, 

96.9593 

7.57 

DOPE Sulfate 

Conjugation 

isomers 

U 

M24 18.39 C15H16O9 339.0711 339.0733 

341.0915, 

207.0283, 

163.0393 

6.61 

CA 

deoxidization 

and 

Glucuronidation 

U 

M25 18.41 
C17H23N3O9

S 
444.1071 444.1124 

391.1607, 

170.0846, 

145.0154, 

112.9863 

11.88 

DOPE 

Gluthation 

conjugation + 

Demethylation 

P 

M26* 18.49 C15H18O9 341.0867 341.0889 

261.2780, 

165.0573, 

121.0666, 

113.0257 

6.43 

C-6 (CA 

deoxidization 

and 

hydrogenation 

and 

Glucuronidation

)  

U 

M27* 18.52 C9H10O7S 261.0063 261.0085 

243.1253, 

225.1141, 

181.0510, 

168.0442, 

138.0300, 

122.0367,9

8.0255 

8.24 
HVA Sulfate 

Conjugation 
U 

M28* 18.77 C9H10O4 181.0495 181.0509 

137.0530, 

122.0304, 

109.0225 

7.54 HVA Parent U 

M29 18.82 C14H20O7 299.1125 299.1141 

220.0600, 

176.0670, 

119.0497 

5.25 C-4 Parent U 

M30 18.88 C15H16O11 371.0609 371.0634 

253.0336, 

225.0415, 

195.0303, 

177.0796, 

165.0187, 

137.0233, 

109.0279 

6.77 

CA 

Hydroxylation + 

Glucuronidation 

P 

M31* 19.09 C9H12O6S 247.0271 247.0289 

167.0696, 

152.0458, 

137.0640, 

123.0469, 

96.9614 

7.35 
MOPE Sulfate 

Conjugation 
U 

M32* 19.39 C9H12O6S 247.0271 247.0295 
167.0739, 

152.0451, 
9.78 

MOPE Sulfate 

Conjugation 

isomers 

U 
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123.0457, 

96.9614 

M33 19.46 C14H22O10 349.1129 349.115 

173.0835, 

155.0735, 

129.0928, 

113.0253, 

5.95 
C-4 Hydrolysis 

+ Di-Oxidation 
U 

M34* 19.86 C9H10O7S 261.0063 261.0084 

181.0507, 

137.0607, 

121.0286, 

109.0305, 

96.9598 

7.86 

HVA Sulfate 

Conjugation 

isomers 

U 

M35 19.89 
C25H37NO14

S 
606.1851 606.1864 

359.0030, 

275.0257, 

195.0693, 

149.0515, 

132.0318 

2.14 

C-1 N-

Acetylcysteine 

Conjugation and 

Desaturation 

U 

M36 19.97 C15H18O9 341.0867 341.0881 

261.0126, 

165.0596, 

121.0646, 

113.0209 

4.08 

CA 

deoxidization 

and 

Glucuronidation 

U 

M37 20.07 C14H19NO6S 328.0849 328.0865 

250.0686, 

199.0425, 

184.0189 

4.77 

MOPE N-

Acetylcysteine 

Conjugation and 

Desaturation 

U 

M38* 20.22 C8H10O2 137.0597 137.0608 
166.7807, 

122.0374 
7.98 

MOPE 

Hydroxymethyle

ne Loss 

U 

M39 20.52 C9H10O7S 261.0063 261.0082 

181.0510, 

135.0466, 

122.0267, 

96.9602 

7.09 

HVA Sulfate 

Conjugation 

isomers 

U 

M40 21.28 C15H14O10 353.0503 353.0518 

204.9983, 

177.0175, 

149.0304, 

123.0456, 

105.0339 

4.18 

CA 

unsaturation+ 

Glucuronidation 

P 

M41* 21.38 C9H8O7S 258.9907 258.9928 

179.0348, 

135.0450, 

96.9728 

8.11 
CA Sulfate 

Conjugation 
U 

M42* 22.37 C9H10O7S 261.0063 261.0087 

261.0848, 

217.0573, 

181.0876, 

166.0258, 

138.0628, 

96.7918 

9 

HVA Sulfate 

Conjugation 

isomers 

U 

M43 22.51 C9H10O10S2 340.9632 340.9656 

263.0582, 

170.0828, 

136.3526, 

122.0515, 

96.9603 

7.14 
HVA Di-Sulfate 

Conjugation 
U 

M44 22.86 C29H36O15 623.197 623.1979 

461.1722, 

315.1133, 

179.0372, 

161.0258, 

135.0460, 

113.0251 

1.37 Acteoside parent PF 
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Note: source: P, plasma; U, urine; F, feces. Compounds labeled * were those detected in urine samples of 

glomerulonephritis model rats. 

 

1.3.2 Identification of metabolites by Q-TOF MS 

1.3.2.1 Metabolites of ACT 

Compared with the reference standard, M44 was identified as ACT. ACT is composed of 

4 chemical moieties, including CA, DOPE (phenylethanoid aglycone), glucose (central 

saccharide) and rhamnose (Rha). Furthermore, they might be transformed to C1-6, HVA, 

MOPE, DOPAC and X. M44 (tR = 22.86 min) produced an [M-H]- ion at m/z 623.1979 

(C29H35O15, err. 1.37 ppm). In the MS/MS analysis, the [M-H]- ion produced an ion at m/z 

461.1722 (C20H29O12) by loss of the CA moiety, which produced an ion at m/z 315.1133 

(C14H19O8) by continuous loss of the Rha moiety. The CA moiety was also found at m/z 

179.0372 (C9H7O4), and it produced ions at m/z 161.0258 (C9H5O3) and m/z 135.0460 (C8H7O2) 

through the loss of H2O and CO2, respectively (Figure 1-5A). M7 (C29H37O18, m/z 673.1955) 

and M46 (C29H35O15, m/z 623.2053) in negative mode were detected. M44 and M46 were 

detected in plasma and feces. M7 and M46 were detected in urine samples. The molecular 

weight of M7 showed an increase of 50 Da (H2O3) over ACT. The fragment ion at m/z 329.0877 

(C14H18O9) of M7 had more O than the fragment ion at m/z 315 [M-H-CA-Rha]- of ACT, 

suggesting that M7 was a hydrogenation and oxidation product of ACT and that one of the 

oxidation sites was at DOPE part. M49 (tR = 25.8 min) showed an [M-H]- ion at m/z 299.1145 

(C14H19O7, err. 6.59 ppm). In the MS/MS analysis, the fragment ion at 221.0457 (C11H9O5) was 

generated by splitting from the glucose substituent. The ion at m/z 177.0519 (C10H9O3) was 

triggered by the loss of CO2 (NL 44 Da) from m/z 221. The ion at m/z 120.0403 (C4H8O4) was 

M45* 23.99 C9H10O3 165.0546 165.0559 
121.0566, 

119.0498 
7.75 

MOPE 

Hydroxylation 

and Dehydration 

U 

M46 24.31 C29H36O15 623.197 623.2008 

461.1751, 

315.0246, 

161.0246 

6.02 
Acteoside 

isomers 
PF 

M47 24.42 C14H20O9 331.1024 331.1048 

253.0693, 

177.1114, 

153.0563, 

117.0203 

7.37 

DOPE 

Glucuronidation 

+ Hydrogenation 

U 

M48* 25.75 C9H8O3 163.039 163.0401 
119.0505, 

106.0410 
6.93 

HVA Alcohols 

Dehydration 
U 

M49 25.8 C14H20O7 299.1125 299.1145 

221.0457, 

177.0519, 

133.0362, 

120.0403 

6.59 
C-4 Parent 

isomers 
U 
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produced from the glucose substituent. M29 (tR = 18.82 min) showed [M-H]- ions at m/z 

299.1141 (C14H19O7, err. 5.25 ppm), displayed MS data similar to those of M49 in negative ion 

mode. M29 and M49 were speculated to be two metabolites that were ACT removed from the 

CA and Rha moieties. 

1.3.2.2 Metabolites of CA 

Seven types of metabolites of CA, namely, M3, M24, M26, M30, M36, M40 and M41, 

were detected in the plasma, feces and urine, and they were in consistent with the fragmentation 

pattern. M30 (tR = 18.88 min) showed an [M-H]- ion at m/z 371.0634 (C15H15O11, err. 6.77 ppm) 

in plasma and feces. It showed an increase of C6H8O7 over CA. The fragment ion at m/z 

195.0303 (C9H7O5) was due to the loss of 176 Da (Glu A), and m/z 195 had more O than the 

fragment ion at m/z 179 of CA, which suggested that hydroxylation and glucuronide occur in 

the structure of M30. The fragment ions at m/z 177.0196 (C9H5O4), m/z 165.0187 (C8H5O4), 

and m/z 137.0233 (C7H5O3) were generated from m/z 195 by losses of H2O, CHO and CO. M3 

(tR = 4.39 min) showed an [M-H]- ion at m/z 357.0484 (C14H13O11, err. 8.86 ppm) in feces. The 

main product ion was at m/z 181.0141 (C8H6O5) by losing Glu A, which might be the product 

after oxidation and hydroxylation of the CA acrylic groups. M41 (m/z 258.9928, C9H7O7S, 8.11 

ppm) was more SO3 than CA, detected in urine. The fragment ions at m/z 179.0348 (C9H7O4, 

[M-H-SO3]
-) and 135.0450 (C8H7O2, [M-H-SO3-H2O]-) were similar to CA. The ion at m/z 

96.9728 indicated sulfate conjugation. M41 was deduced as a CA sulfate conjugation 

metabolite. 

 M40 (tR = 21.28 min) showed an [M-H]- ion at m/z 353.0518 (C15H13O10, err. 4.18 ppm). 

The ion at m/z 177.0175 (C9H5O4) was due to the neutral loss of C6H8O6 (NL 176 Da) in the 

MS/MS analysis. The fragment ions at m/z 149.0304 (C8H5O3), m/z 123.0456 (C7H7O2) and m/z 

105.0339 (C7H6O) were from the CA group, suggesting that the CA group had a higher 

desaturation signal. M40 was probably a glucosidaldehyde derivative of one more molecule of 

unsaturation CA. M26 (tR = 18.49 min) and M36 (tR = 19.97 min) gave [M-H]- ions at m/z 

341.0889 (C15H17O9, err. 6.43 ppm) and m/z 341.0881 (C15H17O9, err. 4.08 ppm). M26 and M36 

had the same fragment ions. The ion at m/z 165.0573 (C9H9O3) was due to the neutral loss of 

C6H8O6 (NL 176 Da) in the MS/MS analysis. The fragment ion at m/z 121.0666 (C8H9O) was 

generated by the loss of CO2 from m/z 165. They all came from the CA group. M26 and M36 

were isomers of each other. They were probably a glucosidaldehyde derivative of deoxidization 
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and hydrogenation CA. M24 (tR = 18.39 min, m/z 339.0733, C15H15O9) was less 2H than M26 

and M36. The ion at m/z 163.0393 (C9H7O3) was due to the neutral loss of C6H8O6 (NL 176 

Da). M24 was probably a glucosidaldehyde derivative of deoxidization CA. 

1.3.2.3 Metabolites of DOPE 

A total of 12 metabolites of the DOPE type were detected in the biological samples. 

Compared with the reference standard, M13 was identified as DOPE. M13 (tR = 16 min) 

produced an [M-H]
- ion at m/z 153.0558 (C8H9O3, err. 7.71 ppm). In the MS/MS analysis, the 

base peak at m/z 123.0450 (C7H7O2) was attributed to the loss of the CH2O moiety (Figure 1-

5B). The other metabolites were M25, M5, M8, M9, M10, M13, M14, M19, M21, M22, M23 

and M47, which were mainly detected in plasma and urine. M25 was detected in plasma, while 

the other 13 metabolites were all detected in urine. M5 and M9 were isomers of each other, as 

M8 and M10; M14 and M22; M19 and M23. 

The metabolic pathways of DOPE mainly included sulfation, glucuronidation, 

demethylation and glutathione-binding M25 (m/z 331.1048, C17H23N3O9S) and N-

acetylcysteine binding M21 (m/z 314.0710, C13H17NO6S). Two isomers, M19 (tR = 16.95 min) 

and M23 (tR = 17.39 min), displayed similar MS data in negative ion mode and gave the same 

[M-H]- ions at m/z 233.0135 and m/z 233.0135 (C8H9O6S, err. 8.86 ppm and 7.57 ppm). The 

fragment ion at m/z 153.0557 (C8H9O3, [M-H-SO3]
-) was DOPE. The ion at m/z 96.9593 

indicated sulfate conjugation. They were mono-sulfated metabolites of DOPE. At the same time, 

two di-sulfated metabolites M14 (m/z 312.9700, C8H9O9S2, 5.59 ppm) and M22 (m/z 312.9717, 

C8H9O9S2, 11.02 ppm) as well as two hydroxylated-mono-sulfated metabolites M5 (m/z 

249.0080, C8H9O7S, 6.63 ppm) and M9 (m/z 249.0085, C8H9O7S, 8.64 ppm) were tentatively 

detected. There were 6 sulfated products of DOPE type. Two isomers, M8 (tR = 15.42 min, m/z 

329.0901, C14H17O9) and M10 (tR = 15.71 min, m/z 329.0885, C14H17O9, 5.44 ppm) had the 

same base peak at m/z 153.0557 (C8H9O3) due to the neutral loss of C6H8O6 (NL 176 Da). The 

fragment ion at m/z 123.0472 (C7H7O2) was attributed to the loss of the CH2O moiety from the 

ion at m/z 153. They were glucuronide products of DOPE type. M47 was a hydroxylated mono-

glucuronide metabolite product. 

1.3.2.4 Metabolites of MOPE 

In the three kinds of biological samples, we detected 7 MOPE metabolites. These 

metabolites were M12, M20, M31, M32, M37, M38 and M45, which were all detected in urine. 
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M31 and M32 were isomers of each other. MOPE (C9H11O3, m/z 167.0711) generated an [M-

H-CH3]
- ion at m/z 152.0476 (C8H9O3) (Figure 1-6A). M12 (tR = 15.91 min) showed an [M-

H]- ion at m/z 343.1050, (C15H19O9, err. 7.7 ppm), and it was identified as MOPE+C6H8O6. The 

product ions were at m/z 167.0717 (C9H11O3) and 152.0473 (C8H8O3), which was consistent 

with MOPE. The ion at m/z 193.0298 was indicative of glucuronic acid. Therefore, M12 was 

the glucuronide conjugation metabolite of MOPE. The MS/MS fragments of M31 (m/z 

247.0289, C9H11O6S, 7.35 ppm) and M32 (m/z 247.0295, C9H11O6S, 9.78 ppm) all contained 

MOPE fragments and sulfating special fragments. The metabolic pathway of M31 and M32 

was speculated to be MOPE sulfate conjugation. M45 (m/z 165.0559, C9H9O3, 7.75 ppm) was 

less H2 than MOPE. Its fragment ions were at m/z 121.0566 (C8H9O) and m/z 119.0498 (C8H7O) 

with the metabolic pathway of MOPE hydroxylation and dehydration. 

1.3.2.5 Metabolites of HVA  

Compared with the reference standard, M28 was identified as HVA. M28 (tR = 18.77 min) 

produced an [M-H]
- ion at m/z 181.0505 (C9H9O4, err. 7.54 ppm). The [M-H]

- ion produced a 

fragment ion at m/z 137.0607 (C8H9O2) by the loss of CO2, which produced a ion at m/z 

122.0373 (C7H6O2) via loss of CH3 (Figure 1-6B). A total of 12 HVA metabolites had been 

detected in biological samples. These metabolites were M1, M4, M6, M15, M18, M27, M28, 

M34, M39, M42, M43 and M48, mainly detected in feces and urine. M27, M34 and M39 were 

isomers. M1 and M4 were detected in feces, the other metabolites were all detected in urine. 

M4 (tR = 4.43 min) exhibited a quasi-molecular ion at m/z 387.0593 (C15H15O12, err. 9.04 ppm) 

in the full mass spectrum. The [M-H]- ion dissociated into m/z 211.0224 (C9H7O6) ascribed to 

the loss of glucuronic acid residue (176 Da). The fragment ions at m/z 193.0156 (C9H5O5) and 

m/z 181.0168 (C8H5O5) were generated from m/z 211 by the loss of H2O and CH2O. M1 (tR = 

4.08 min) displayed the same [M-H]- ions at m/z 387.0598. M1 and M4 were hydroxylation + 

glucuronidation metabolites product. M15 (tR = 16.2 min) displayed an [M-H]- ion at m/z 

357.0836 (C15H17O10, err. 5.54 ppm) in the full mass spectrum. The fragment ion at m/z 

181.0556 (C9H9O4) was due to the neutral loss of 176 Da (Glu A). The ion at m/z 181 produced 

a fragment ion at m/z 137.0607 (C8H9O2) by the loss of CO2, which was the signal of HVA. 

M15 was a HVA metabolite of glucuronide conjugation. M27 (tR = 18.52 min) displayed an 

[M-H]- ion at m/z 261.0085 (C9H9O7S, err. 8.24 ppm) in the full mass spectrum. The fragment 

ion at m/z 181.0502 (C9H9O4) was due to loss of SO3 (80 Da). M27 was a sulfated metabolite 
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of HVA. M43 had more SO3 than M27, which was judged as the metabolites of HVA di-sulfate 

conjugation. 

1.3.2.6 Metabolites of DOPAC 

Compared with the reference standard, M16 was identified as DOPAC. M16 (tR = 16.21 

min) produced an [M-H]
- ion at m/z 167.0347 (C8H7O4, err. 1.29 ppm). In the MS/MS analysis, 

the fragment ions at m/z 152.0133 (C7H4O4) and m/z 123.0451 (C7H7O2) through the loss of 

CH3 and CO2 (Figure 1-5C). There were 4 DOPAC metabolites, including M2, M11, M16 and 

M17. They were detected in plasma, feces, and urine. M2 (tR = 4.31 min) showed an [M-H]- 

ion at m/z 373.043 (C14H13O12, err. 7.63 ppm) and had more C6H6O8 than DOPAC. The ion at 

m/z 197.0067 (C8H5O6) was due to the neutral loss of C6H8O6 (NL 176 Da) in the MS/MS 

analysis. There had a glucuronic acid group. M2 was deduced as a carboxylation and 

glucuronidation product of DOPAC. M11 (tR = 15.9 min) and M17 (tR = 16.53 min) gave [M-

H]- ions at m/z 262.9878 (C8H7O8S, err. 8.31 ppm) and m/z 246.993 (C8H7O7S, err. 9.31 ppm). 

M17 had more O than M11. The fragment ion at 183.0305 (C8H8O5) of M11 was generated by 

the loss of SO3. M17 had obvious DOPAC fragment at m/z 123.0463 (C7H7O2) by the splitting 

of SO3 and CO2 moieties. They were sulfation metabolites. Thus, M11 and M17 were identified 

as two sulfation metabolites of DOPAC. 

 

1.3.3 Validation of metabolites in urine samples in CGN model rats 

Urine samples from PAN nephropathy model rats were obtained. As the results showed 

above, the metabolites of ACT were mostly eliminated through urine, which was in accordance 

with ACT treatment for puromycin nephropathy. Urine samples were collected at 0, 5, 10, 15, 

and 20 days. The results demonstrated that ACT could significantly alleviate the abnormal 

proteinuria in nephrotic rats from 15 days according to the results of our group research. Taken 

together, the urine sample at 15 days was analyzed and identified using Thermo LTQ Orbitrap 

Velos. The metabolites, especially polar metabolites M5, M9, M13, M14, M16, M18, M19, 

M20, M23, M26, M27, M28, M31, M32, M34, M38, M39, M41, M42, M45 and M48 were 

validated after ACT was administered to pathological models with the aid of molecular weight 

and MS/MS information. The results suggested that the sulfated and conjugates of ACT were 

major metabolites, thus providing a foundation for further experiments to find potential 

biomarkers in the treatment of puromycin nephropathy by ACT. 
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Figure 1-5 The MS/MS spectra of ACT metabolites 

The unit of vertical axis is relative abundance, and the horizontal axis represents the mass-to-charge ratio (m/z). The MS/MS spectra of ACT (A), DOPE (B), and 

DOPAC (C).  
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Figure 1-6 The MS/MS spectra of metabolites  

The unit of vertical axis is relative abundance, and the horizontal axis represents the mass-to-charge ratio (m/z). A: MOPE; B:HVA. 

A B
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1.3.4 Therapeutic effect of ACT on CGN rats 

1.3.4.1 Effect of ACT on urinary protein and serum creatinine 

After modeling with anti-glomerular basement membrane serum, there was a significant 

effect on the renal function of rats. The concentration of serum creatinine and the 24 h urinary 

protein were significantly higher in the Mod group than the Con group (P < 0.001). After 2 

weeks in the ACT-M and ACT-H groups, urinary protein was significantly lower than that in 

the Mod group (P < 0.05 or P < 0.01). The concentration of serum creatinine was significantly 

lower in the ACT-L, ACT-M and ACT-H groups after 2 weeks of administration than in the Mod 

group (P < 0.01 or P < 0.05). The results are shown in Figure 1-7A and B. The results indicated 

that ACT significantly improved renal function for immune nephritis, reducing urinary protein 

and promoting creatinine excretion. 
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Figure 1-7 The renoprotective effect of ACT 

The levels of serum creatinine (A) and 24 h urinary protein (B) in rats. The levels of serum TNF-α (C) and 

IL-6 (D) in rats. (E) The levels of splenocyte TNF-α and IL-6 in rats. (F) The levels of proliferative activity 

of spleen lymphocytes in rats stimulated by ConA and LPS. (G) The levels of serum CGRP, ET and 

ET/CGRP in rats. (H) The levels of serum TXB2, 6-keto-PGF1αand TXB2/6-keto-PGF1α in rats. Positive 

controls were Pred 7mg/kg, ACT-L 10 mg/kg, ACT-M 20 mg/kg and ACT-H 40 mg/kg and the final 

concentration of LPS or ConA was 5μg/mL. All the results were expressed as the mean ± SEM; #P < 0.05, 

##P < 0.01, ###P < 0.001 (compared to Con group); *P < 0.05, **P < 0.01, ***P < 0.001 (compared to Mod 

group). 

 

1.3.4.2 Effect of ACT on leukocyte adhesion and inflammatory cytokines 

The measurement of CD18 expression represented the expression level of β2 integrins. 

The results showed that the mean fluorescence intensity of CD18 expression was enhanced and 

the expression positivity rate was increased in the Mod group (P < 0.05). ACT significantly 

inhibited the fluorescence intensity of CD18 expression and decreased the percentage of 

positive CD18 expression (P < 0.01 or P < 0.05) (Table 1-3). The results suggested that ACT 

had a significant inhibitory effect on the expression of the leukocyte adhesion molecule β2 

integrin in immune nephritis. 
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Table 1-3 The level of plasma leukocyte CD18 in rats 

Group n Positive rate 
(%) 

Positive 
inhibition rate 

(%) 

Average 
fluorescence 

intensity 

Fluorescence 
intensity 

inhibition rate 
(%) 

Con 5 82.52 ± 2.67 8.5 5.46 ± 0.32 4.2 

Mod 6 90.2 ± 2.63# - 5.7 ± 0.22 - 

Pred 6 90.27 ± 2.51 - 5.6 ± 0.55 1.8 

ACT-L 6 86.93 ± 4.09 3.6 4.51 ± 0.24** 20.9 

ACT-M 7 83.57 ± 2.73 7.4 4.64 ± 0.18** 18.6 

ACT-H 7 77.14 ± 6.57 14.5 4.72 ± 0.4* 17.2 

Inhibition rate (%) = (Mod - experimental group)/ Mod*100; *P < 0.05, ** P < 0.01, *** P < 0.001 (compared 

to Mod group) 

 

After 1 week of ACT administration, inflammatory cytokine production was significantly 

inhibited, and the level of serum TNF-α was significantly lower than that in the Mod group (P 

< 0.05). The level of serum IL-6 showed a decreasing trend in the ACT-M and ACT-H groups 

(Figure 1-7C and D). The secretion of TNF- and IL-6 from splenic lymphocytes in the Mod 

group tended to increase compared to that in the Con group. After 2 weeks of ACT 

administration, the secretion level of TNF-α from splenic lymphocytes tended to decrease 

compared to that in the Mod group; however, the effect on IL-6 was not significant (Figure 1-

7E). 

 

1.3.4.3 Effect of ACT on the production of IL-6 and TNF- in LPS-stimulated 

macrophage RAW 264.7 cells 

Macrophage RAW 264.7 cells stimulated by LPS induced a large amount of TNF- and 

IL-6 production (P < 0.01 or P < 0.001, compared with the Con group). ACT inhibited the 

production of TNF-α and IL-6 in a dose-dependent manner in the dose range of 1.8-1330 μg/mL. 

The results indicated that ACT had a significant inhibitory effect on macrophage inflammatory 

cytokine production (Table 1-4). 
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Table 1-4 The levels of TNF-α and IL-6 in macrophage RAW 264.7 cells stimulated by LPS 

ACT 
(μg/mL) 

LPS 
(μg/mL) IL-6 (pg/mL) Inhibition 

rate (%) TNF-α (ng/mL) Inhibition rate 
(%) 

blank control 32.91 ± 11.44 - 1.34 ± 0.05 - 

0 1 240.75 ± 39.05### - 2.57 ± 0.35## - 

1.8 1 225.77 ± 32.42 6.2 1.58 ± 0.17* 38.4 

5.6 1 199.68 ± 16.19 17.1 1.68 ± 0.19* 34.5 

16.7 1 173.73 ± 16.59 27.8 1.78 ± 0.05* 30.7 

50 1 128.96 ± 3.73* 46.4 1.65 ± 0.05* 35.7 

150 1 97.11 ± 3.83** 59.7 1.2 ± 0.45** 53.2 

443 1 52.26 ± 16.93** 78.3 0.86 ± 0.12** 66.7 

1330 1 0 100 0.08 ± 0.01*** 96.9 

#P < 0.05, ##P < 0.01, ###P < 0.001 (compared to blank control group); *P < 0.05, **P < 0.01, ***P < 0.001 

(compared to ACT-0 μg/mL group) 

 

1.3.4.4 Immunomodulatory effects of ACT 

LPS mainly induced the proliferation of B lymphocytes, while ConA mainly induced T 

lymphocytes. The proliferative activity of spleen lymphocytes in the Mod group was 

significantly increased after stimulation with mitogen ConA (P < 0.05, compared with the Con 

group). There was a tendency for their proliferative activity to increase after LPS stimulation, 

suggesting that T lymphocytes in the nephritis model showed higher responsiveness to ConA 

stimulation. ACT-L and ACT-M had significant effects on the proliferation of ConA-stimulated 

lymphocytes (P < 0.05, compared with the Mod group). ACT at doses of 10, 20 and 40 mg/kg 

also inhibited the proliferation of LPS-stimulated lymphocytes. The results indicated that ACT 

had an inhibitory effect on the hyperresponsiveness of lymphocytes stimulated by mitogen, with 

a more pronounced inhibitory effect on T lymphocytes (Figure 1-7F). CD3 was significantly 

lower in the ACT-L and ACT-M groups than in the Mod group (P < 0.01 or P < 0.05). There 

was no significant effect on CD4, CD8 or the CD4/CD8 ratio in the ACT dose groups. The 

results indicated that ACT had an overall suppressive effect on T lymphocytes but no significant 

effects on the distribution of CD4 and CD8 cell subpopulations (Figure 1-8A). IgG was 
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significantly higher in the Mod group (P < 0.01, compared with the Con group), and IgM tended 

to increase, while IgA had no significant effect, indicating the presence of humoral immune 

enhancement in the Mod group. No significant effects were observed in the ACT dose groups 

on IgG, IgM and IgA compared with the Mod group. Serum immunoglobulin might not be the 

main target of ACT (Figure 1-8B). 

1.3.4.5 Effect of ACT on vasomotor function and platelet aggregation 

ET is a highly active vasoconstrictor. CGRP is an ET antagonist and one of the most potent 

vasodilators. ET was significantly higher in the Mod group (P < 0.01), while CGRP was lower 

and the ratio of ET/CGRP was significantly higher compared to the Con group (P < 0.05). The 

results indicated that the nephritis model had strong vasoconstrictor activity and weak 

vasodilator activity, which could affect the blood perfusion of organs. There was no significant 

decrease in ET in any ACT dose group. However, ACT at doses of 10, 20 and 40 mg/kg 

significantly increased CGRP, with a significant difference between the 10 and 20 mg/kg groups 

compared with the Mod group (P < 0.05). This results in a tendency for ET/CGRP to decrease. 

Thus, the comprehensive result was an enhanced vasodilatory effect (Figure 1-7G). 
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Figure 1-8 Immunomodulatory effects of ACT 

The leukocyte expression of CD3, CD4, CD8, and CD18 was measured by flow cytometry. A: The percentage 

of plasma CD3, CD4, CD8 and CD4/CD8 in rat, the number of the animals in each group was 10, 16, 15, 15, 

15, 16; B: the levels of serum IgG, IgM and IgA in rats. Positive controls were Pred 7mg/kg, ACT-L 10 mg/kg, 

ACT-M 20 mg/kg and ACT-H 40 mg/kg..All the results were expressed as the mean ± SEM; #P < 0.05, ##P 

< 0.01, ###P < 0.001 (compared to Con group); *P < 0.05, **P < 0.01, ***P < 0.001 (compared to Mod 

group). 

 

TXB2 was significantly higher in the Mod group than in the Con group (P < 0.01), and 6-

keto-PGF1α and the TXB2/6-Keto-PGF1α ratio were also significantly higher. The Mod rats 

had enhanced vasoconstrictor activity and platelet aggregation, thus possibly affecting organ 

blood perfusion. TXB2, 6-keto-PGF1α and the TXB2/6-keto-PGF1α ratio in the ACT-M and 

ACT-H groups tended to decrease compared to that in the Mod group. The reduction was 

significantly different in the ACT-L group (P < 0.05). ACT regulated the balance of TXB2/6-

keto-PGF1α, improving vasodilatory function (Figure 1-7H). 
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The platelet aggregation rate was significantly higher in the Mod group (P < 0.01, relative 

to the Con group). The platelet aggregation rate was significantly lower in the ACT-L, ACT-M 

and ACT-H groups than in the Mod group (P < 0.01 or P < 0.001). The results indicated that 

ACT had an inhibitory effect on platelet aggregation (Table 1-5). 

 

Table 1-5 The effect on platelet aggregation 

Group n Platelet aggregation rate (%) Inhibition rate (%) 

Con 5 43.5 ± 1.13 13.83 

Mod 6 50.48 ± 1.29## - 

Pred 6 33.55 ± 2.29*** 33.54 

ACT-L 6 33.78 ± 2.87** 33.08 

ACT-M 7 35.93 ± 1.71*** 28.82 

ACT-H 7 43.53 ± 1.61** 13.77 

Inhibition rate (%) = (Mod - experimental group)/ Mod×100 

 

1.3.4.6 Effect of ACT on the expression of TGF- and FN in kidney 

The expression of TGF-β and FN in renal tissues of the Mod group was significantly 

enhanced, and positive cells were increased and strongly positive compared with that in the Con 

group. The ACT-L, ACT-M and ACT-H groups significantly inhibited the expression of TGF- 

and FN, and the intensity of positive expression became weaker, and the expression of positive 

cells decreased compared with the Mod group (Figure 1-9A-D). 
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Figure 1-9 Effect of ACT on the expression of TGF- and FN in kidney 

Immunohistochemical detection showed the expression of TGF-β (× 200 magnification) in rat renal cortex (A) and medulla (B), and the expression of FN (× 

400 magnification) in rat renal cortex (C) and medulla (D). The photos from left to right are Con, Mod, Pred, ACT-L, ACT-M and ACT-H groups.Positive 

controls were Pred 7mg/kg, ACT-L 10 mg/kg, ACT-M 20 mg/kg and ACT-H 40 mg/kg. 
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1.4 Discussion 

1.4.1 Study of Metabolites 

The metabolism of ACT in rats was studied by using Q-TOF MS. Accurate masses along 

with fragment ion information were applied to elucidate the structures of metabolites. A total 

of 49 metabolites were detected, and the metabolic pathways were summarized. Five 

metabolites were detected in plasma, 6 were found in feces, and the rest were all discovered in 

urine. In view of the chromatographic peak area, the sulfated derivatives of ACT were identified 

as major metabolites. ACT and its isomer could be detected in plasma and reached their highest 

levels at 0.5 h after oral administration, which would provide a clinical reference for clarifying 

the characteristics of the disposition process in vivo.  

In the fecal samples, ACT could be discharged in the form of a prototype and isomers, 

indicating that assimilation and metabolism did not usually occur in the digestive system. Thus, 

it is suggested that its assimilation mechanism is passive diffusion, which might account for the 

low bioavailability of phenylethanoid glycosides by oral administration. In urine samples, on 

the other hand, ACT and its isomers were not discovered, suggesting that the form of ACT 

existed in the urine mainly as metabolites. These results were in accordance with 

pharmacokinetic research of ACT and the treatment of glomerulonephritis29). Thus, total 41 

metabolites were detected in urine. Furthermore, 21 metabolites were validated after the 

administration of ACT to pathological models. Moreover, this study indicated that ACT was 

rapidly absorbed into the blood and transferred to the kidney, while the metabolites were 

discharged via urine. Therefore, the main route of excretion of ACT is likely to be the urinary 

system. Thus, these results provide a theoretical support for the pharmacological action of ACT 

in the clinical treatment of CGN and could lay a foundation for finding potential underlying 

biomarkers. 

 

1.4.2 Possible mechanisms of renal protective actions of ACT in CGN model rats 

I demonstrated that ACT significantly reduced the amount of urinary protein and serum 

creatinine, indicating that it had a significant effect on renal function in immune nephritis. 
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Based on these results, the following molecular mechanisms are discussed. 

 

(1) Inhibition of leukocyte adhesion and inflammatory cytokine production leading to 

the reduction of inflammatory responses 

The repeated progression and persistence of the inflammatory responses in renal tissues is 

the main mechanism for the development of chronic nephritis30). The inflammatory responses 

mediated by adhesion molecules and inflammatory cytokines plays an essential role in the 

pathological mechanisms of CGN31). CD18 is a subunit shared by a leukocyte adhesion 

molecule 2 integrin (CD11a/CD18, CD11b/CD18, CD11c/CD18)32). Clinical studies have 

shown that the production of 2 integrin is increased in proliferative CGN kidney tissues, either 

within glomerulus or interstitial tubule33-36), indicating the local inflammatory activity and 

distribution. Renal cells are targets for the biological effects of cytokines. The excessive 

production of cytokines could exacerbate glomerular pathological changes and cause abnormal 

glomerular tissue structure and function37). When an inflammatory response occurs, 

macrophages are stimulated to produce large amounts of inflammatory cytokines. TNF- could 

cause proliferation of renal lamina propria cells, stimulating the expression of adhesion 

molecules and excessive production of extracellular matrix, which directly leads to the damage 

of mesangial cells38). In addition, TNF- stimulates the adhesion of polymorphonuclear 

leukocytes and stimulates endothelial cells to express tissue factors39). TNF- initiates 

coagulation and promotes thrombosis in the renal vessels40), which in turn contributes to the 

progression of nephritis. Together with TNF-, IL-6 is the main cytokine mediating the 

inflammatory responses in the body and plays an important role in the pathology of some 

diseases, leading to so-called IL-6-related diseases41). Clinical observations have shown that 

plasma TNF- and IL-6 levels are significantly higher in patients with chronic nephritis than in 

normal controls, and that changes in their concentrations are significantly and positively 

correlated with the degree of impairment of renal function42). In chronic proliferative 

glomerulonephritis, mesangial cells continuously secrete IL-6, which binds to the cell surface 

IL-6 receptor to stimulate the cell proliferation43-46). Thus, it is suggested that a vicious cycle of 
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autocrine regulation exacerbates glomerular pathology along with the abnormal glomerular 

structure and functions. Furthermore, its possible paracrine role in mediating the immune 

response in the glomerulus, IL-6 may also be one of the autocrine signals leading to mesangial 

cell proliferation in vivo, suggesting the importance of IL-6 in the development, progression, 

and regression of CGN47). 

The regulation of the expression of adhesion molecules and the inhibition of inflammatory 

cytokine production were of great importance for nephritis remission48). In this study, ACT 

significantly reduced the expression level of CD18 accompanied with the suppression of 2 

integrin expression in PHN rats. In addition, ACT significantly inhibited TNF- and IL-6 

production. Furthermore, in RAW264.7 macrophages cultured in vitro, ACT similarly inhibited 

TNF- and IL-6 production. Thus, these results suggest that the pharmacological actions of 

ACT for nephritis are associated with the inhibition of 2 integrin expression and inflammatory 

cytokine production in macrophage, which results in the reduction of macrophage adhesion and 

the inflammatory responses in vivo. 

 

(2) Regulation of TXA2 and PGI2 balance to inhibit platelet aggregation and thrombosis, 

and improve blood flow 

TXA2 and PGI2, both metabolites of arachidonic acid, have opposite functions. TXA2 has 

strong vasoconstrictive and stimulating effects on platelet aggregation49). Under normal 

physiological conditions, TXA2 and PGI2 are in balance to maintain normal vascular tension, 

blood flow patterns, and proper coagulation factor activity50). Once the vascular endothelium is 

damaged, platelets aggregate in the endothelium, resulting in a dysfunctional balance between 

vascular endothelium and platelets51). The blood becomes hypercoagulable, which leads to 

thrombosis52). Because TXA2 and PGI2 are extremely unstable, their concentrations are 

generally measured by measuring their metabolites, TXB2 and 6-keto-PGF153). Clinical 

studies have shown that TXB2 is significantly higher, while 6-keto-PGF1 is lower in patients 

with chronic nephritis54). Platelets are actively involved in the development of CGN as an 

inflammatory effector55). It has been reported that platelet activation releases a large number of 
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inflammatory mediators from its internal alpha granules, dense granules and lysosomes, which 

synergize with renal intrinsic cells or infiltrating inflammatory cells to mediate intraglomerular 

thrombosis, accelerate the deposition of immune complexes in the glomerulus, stimulate 

mesangial cell proliferation, and alter glomerular hemodynamics56). Recurrent intraglomerular 

platelet coagulation, thrombosis and ultimately glomerulosclerosis57). Due to the important role 

of platelets in renal immune damage, antiplatelet active drugs are often used clinically to treat 

CGN. In the present study, ACT reduced TXB2 levels and modulated the TXB2/6-keto-PGF1α 

ratio. In addition, ACT (10, 20, and 40 mg/kg) suppressed the platelet aggregation rate in the 

PHN rats. These results suggested that ACT improves the dysfunction of pathological vascular 

endothelium-platelet balance in nephritis by regulating TXB2/6-keto-PGF1α and inhibiting 

platelet aggregation and thrombus formation. Thus, ACT is likely to alleviate the development 

of renal lesions by improving renal hemodynamics and hemorheology and reducing the 

deposition of circulating immune complexes in the kidney. 

 

(3) Regulating vasomotor function and improving blood perfusion 

Glomerular inflammation and platelet aggregation often lead to coagulation disorders. 

Large amounts of the vasoconstrictor substance ET could be synthesized58). CGRP is a 

physiological antagonist of ET59). If the metabolism of ET and CGRP is imbalanced, the 

inflammatory and hypercoagulable state of nephritis might be exacerbated, resulting in a 

vicious cycle. In this study, ACT (10 and 20 mg/kg) significantly increased blood CGRP levels 

and decreased the ET/CGRP ratio in rats with immune nephritis. These results suggested that 

ACT improves the balance of ET/CGRP metabolism to make dominantly the vasodilating effect 

in vivo. Thus, the subsequent improvement of renal blood flow is likely to suppress the 

deposition of circulating immune complexes and inflammatory substances in the kidney, 

resulting in the reduction of the renal inflammatory response. Furthermore, the increase in renal 

blood flow may improve blood hypercoagulation by inhibiting blood clotting and thrombosis, 

which leads to prevent the progression of the disease. 
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(4) Inhibition of excessive cellular immunity 

CGN is an autoimmune disease with an overactive immune responses in the body60). In 

this study, the results in CGN model rats showed the presence of excessive humoral immunity, 

the high T-cell reactivity to mitogen in vivo, the increase of blood IgG levels, and the ConA-

induced proliferation activity of splenic lymphocytes in the Mod group. ACT did not decrease 

the level of blood IgG in rats with nephritis, but did the ConA-induced proliferation activity of 

splenic lymphocytes. Therefore, these finding suggested that ACT has an inhibitory effect on 

the hyperreactivity of T lymphocytes to mitogens in the nephritis model. 

 

(5) Inhibition of renal interstitial fibrosis and stromal protein deposition to prevent 

chronic fibrosis 

Excessive extracellular matrix production and accumulation are a pathological mechanism 

of fibrosis in chronic nephritis61). The production of extracellular matrix has been reported to 

be stimulated by TGF-, which is associated with overproduction of renal interstitial matrix 

protein62). As FN is a matrix protein that exists in the interstitium during renal fibrosis63), FN as 

well as TGF- are important factors involved in the pathological mechanism of chronic 

nephritis. In the present study, the production of TGF- and FN was effectively inhibited by 

ACT, indicating that ACT might mitigate the fibrosis process of chronic nephritis. 

 

1.5 Conclusion 

The study in CHAPTER 1 indicated that a total of 49 metabolites of ACT was identified, 

of which 21 metabolites were detectable in nephropathy model rats. Furthermore, it is strongly 

suggested that ACT is a pivotal therapeutic agent in DTG for CGN with the relief of fibrotic 

lesions by the inhibition of inflammatory responses and macrophage adhesion to interstitial 

extracellular matrix, regulation of immune function, and the improvement of tissue 

hemodynamics and hemorheology. 
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CHAPTER 2 Characterization of renal protective actions of ACT in db/db 

mice with diabetic nephropathy and their network pharmacology analysis 

 

2.1 Introduction 

Diabetes mellitus (DM) is a major chronic disease worldwide and characteristic to a 

metabolic disease characterized by hyperglycemia64). Diabetic nephropathy (DN) is the most 

common complication of DM and known as the major cause of end-stage renal disease65-67). On 

the other hand, a G-T point mutation in leptin receptor encoded by the db gene has been reported 

to lead to the abnormal translation of leptin receptor protein, resulting in a model of congenital 

obesity type 2 DM68). It has been reported that db/db mice develop progressive nephropathy 

after an episode of overt diabetes, like human diabetic nephropathy69). Currently, db/db mice 

are the most widely used animal for establishing type 2 DN models70). 

DTG capsules have definite therapeutic effects by reducing proteinuria levels and 

hypercoagulable blood in DN patients8). In addition, it has been reported that DTG capsules 

inhibits the growth of high-glucose-induced glomerular mesangial cells by decreasing the TGF-

1 and Wnt/-catenin signaling pathways10). Furthermore, a combined usage of DTG in routine 

treatment has been reported to actively improve the proteinuria level of DN71). In Chapter 1, I 

have identified ACT as the major active substance of DTG and found that it improves renal 

abnormality in CGN rats. Thus, this study allows me to speculate that ACT might be an active 

component of DTG that shows efficacy in DN. 

In this Chapter, to clarify the improvement actions of ACT on DN, I have examined the 

therapeutic effects of ACT and its metabolites in db/db mice with symptoms of DN. In addition, 

for the analysis of metabolites of ACT in the body, I have performed untargeted metabolomics 

studies by UHPLC-LTQ-Orbitrap MS using urine, serum, and kidney samples. For the 

pathways enriched by untargeted metabolomics, targeted metabolomics by UHPLC-QQQ-

MS/MS was performed in kidney samples for validation. Furthermore, metabolomics and 

network pharmacology studies were employed to explore the mechanism of ACT against DN. 
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2.2 Materials and methods 

2.2.1 Chemicals and reagents  

ACT was isolated from the Dihuangye as CHAPTER 1. The purity of ACT was over 

98%. MS grade acetonitrile, methanol, and formic acid were obtained from Thermo Fisher 

Scientific Inc. (USA), and Wahaha pure water was purchased from Hangzhou Wahaha Group 

Company (China). Irbesartan (lot number: 1348E20274) was purchased from Zhejiang Huahai 

Pharmaceutical Co., Ltd. (Linjiang, China). Glucose (lot number: 200904-2) was purchased 

from Xilong Chemical Co., Ltd. (Foshan, China). ACCU-CHEK blood glucose test strips were 

purchased from Roche (USA). Blood creatinine and urea nitrogen kits were purchased from 

Inventec Xiamen Technology Co., Ltd. (Xiamen, China). Urine creatinine and urine 

microalbumin assay kits were purchased from Shanghai Yaji Biotechnology Co., Ltd. (Shanghai, 

China). Xylene, anhydrous ethanol, 95% ethanol, n-butanol, phosphomolybdic acid, and aniline 

blue were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). 

Hematoxylin and eosin (HE) were purchased from Zhuhai Beso Biotechnology Co., Ltd. 

(Zhuhai, China). Schiff Reagent and Weigert's iron hematoxylin were purchased from Shanghai 

Solarbio Biotechnology Co., Ltd. (Shanghai, China). 

 

2.2.2 Animals 

Seven-week-old SPF grade male B6.BKS(D)-Lepr db /J (db/db) mice and seven-week-old 

male wild-type (WT) C57BL/6 mice, all purchased from Shanghai Model Organisms Co., Ltd., 

and animal license number was SCXK-(HU)2017-0010. All animals were housed in a Specific 

Pathogen Free class animal house with 12 h of light per day at 20 ± 1°C and 50 ± 10% relative 

humidity. The animals were fed a normal water and diet. The study was approved by the 

Institutional Animal Care and Use Committee of the Beijing animal science Co., Ltd., and the 

animal ethics approval number was IACUC-2020102007. 

All the animals were acclimatized under the above conditions for seven days. The WT 

mice were as the Control group (Con, n=15). The db/db mice were divided into 3 groups by 

random number grouping and divided into ACT group (ACT, 100 mg·kg-1·d-1, n=15) (Ran et 

al., 2023), Irbesartan group (Irb, 22.75 mg·kg-1·d-1, n=15) and administered by gavage. Since 

Irb has been reported that it is a good treatment drug for diabetes nephropathy72,73), it was used 

as positive control in this experiment. The Con and Mod groups were given equal amounts of 

saline in a gavage volume of 10 mL·kg-1. The body weight of each mouse was weighed weekly. 
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The drug was administered for 8 weeks.  

 

2.2.3 Sample collection and index determination 

Fasting blood glucose measurement: Mice were fasted for 12 h, after disinfected, the tail 

tips were cut off and the blood glucose values were read using a glucometer. Oral glucose 

tolerance test: Mice were fasted for 12 h, and glucose was garaged at 2 g·kg-1 mouse body 

weight. Blood samples were collected from the tail tip capillaries of the mice and the blood 

glucose concentration values of the mice after glucose loading were determined by a glucometer. 

Mice were relocated to the metabolic chamber and urine samples were collected over a 24 

h period while the animals were allowed to drink freely. The 24 h urine specimens were 

centrifuged at 3,000 rpm for 10 min. Levels of 24 h urine microalbumin and urine creatinine 

were measured by immunoturbidimetric method using an automatic biochemical analyzer. The 

ratio of albumin to creatinine in urine was calculated.  

After anesthesia with urethane, blood was taken from the heart and the kidney tissue was 

removed. After 1 h of placing, the supernatant of blood sample was collected by centrifugation 

at 3000 rpm for 15 min. The left kidney was fixed with 4% paraformaldehyde, dehydrated with 

ethanol, and then embedded with paraffin. HE, Masson, and periodic acid-Schiff (PAS) staining 

were performed. Histopathological changes of HE-stained sections were observed under the 

light microscope. Microscopic examination was focused on glomerular hypertrophy, basement 

membrane thickening, tubular degeneration, tubular pattern, necrosis, and inflammatory cell 

infiltration, etc. Semi-quantification of the degree of lesions from mild to severe, and graded 

score and total score were performed. Five orthotropic glomeruli were randomly selected under 

40x objective lens in each PAS-stained section, and glomerular glycogen and glomerular area 

was measured separately. The glomerular glycogen and glomerular area were stained, and the 

ratio of glomerular glycogen/glomerular area was calculated and the mean value (Olympus 

DP71 analysis system) was taken to compare the differences between the groups. Masson-

stained sections with blue-colored collagen fibers were scored semi-quantitatively according to 

the degree of collagen fiber proliferation within the renal tissues, and then the differences in 

collagen proliferation among the groups were compared. An independent researcher who 

maintained the confidentiality of the study protocol assessed the histomorphology of each 

kidney section.  
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2.2.4 Preparation of metabolomics samples 

2.2.4.1 Urine samples preparation 

Urine (100 µL) was vortexed with 400 µL of methanol (3 min). The mixture was 

centrifuged (10000 rpm, 4 ℃) for 20 min. The supernatant was taken for untargeted 

metabolomics. 

 

2.2.4.2 Serum samples preparation 

Serum (50 µL) was mixed with 150 µL methanol: acetonitrile (1:1) by vortex (3 min). 

After centrifugation (10000 rpm, 20 min), the supernatant was taken for untargeted 

metabolomics. 

 

2.2.4.3 Kidney tissue samples preparation 

Kidney tissues were homogenized 2 times for 2 min with 70% methanol.  The 

homogenate was vortexed for 30 s following to the centrifugation at 12000 rpm for 15 min at 

4 ℃. The subsequent supernatant (200 µL) was evaporated and redissolved with 120 µL 

acetonitrile: water (2:3) for targeted metabolomics. 

 

2.2.4.4 Quality control (QC) sample preparation 

To verify the validity of the analytical method, urine, serum, and kidney QC samples were 

prepared respectively. An aliquot (10 μL) of QC sample extracted from the serum, urine, and 

kidney samples, separately. QC was inserted after every five samples in the analysis queue. 

 

2.2.5 UHPLC-LTQ-Orbitrap MS-based untargeted metabolomics analysis 

The online Dionex Ultimate 3000 UHPLC system (Thermo Fisher Scientific, USA) and 

LTQ Orbitrap Velos Pro (Thermo Fisher Scientific, USA) were combined via an ESI interface. 

Samples were separated on a Waters UHPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm). 

The mobile phases were water containing 0.1% formic acid (A) and acetonitrile (B). The flow 

rate was set at 0.3 mL/min with a gradient elution starting with 2% (B) and the following 

chromatographic conditions were set: 0-3 min maintain 2% (B), 3-8 min maintain to 66% (B), 

8-17 min linear gradient to 98% (B), 17-20 min maintain 98% (B), 20-20.1 min linear gradient 

to 2% (B), 20.1-22 min maintain 2% (B). The column temperature was maintained at 35 ℃. 
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The injection volume was 8 µL. The analysis was carried out in positive and negative ion modes. 

The mass resolution of the Fourier transform was 30000 with a full scan in the range of m/z 50-

1500. 

 

2.2.6 UHPLC-QQQ-MS/MS-based targeted metabolomics analysis 

Exion LC-20AC coupled with an AB SCIEX QTRAP® 6500+ (Redwood City, CA, USA) 

mass spectrometer was used for quantitative analysis. Samples were separated on a Waters 

ACQUITY UHPLC®HSS PFP column (2.1 mm × 100 mm, 1.8 μm). The mobile phases were 

water containing 0.1% formic acid (A) and acetonitrile (B). The flow rate was set at 0.3 mL/min 

with a gradient elution starting with 2% (B) and the following chromatographic conditions were 

set: 0-4 min maintain 2% (B), 4-6 min linear gradient to 98% (B), 6-10 min maintain 98% (B), 

10-10.1 min linear gradient to 2% (B), 10.1-14 min maintain 2% (B). Multiple reaction 

monitoring (MRM) detection mode was operated. The analysis was carried out in positive and 

negative ion modes. Parameters for MS and MS/MS analysis, including declustering potential 

(DP) and collision energy (CE), were optimized (listed in Table 2-1). 

 

Table 2-1 The conditions of the MS detection of metabolites based targeted metabolomics 

analysis 

Metabolites 
Ion 

mode 
Q1(m/z) Q3(m/z) DP(V) CE(V) 

Cysteine ESI+ 122 59 40 30.4 

Alanine ESI+ 89.8 44.2 47 17.4 

Hypoxanthine ESI+ 137 119.1 50 28.7 

Choline ESI+ 104 60.1 50 30 

Dopamine ESI+ 154 137 30 15.3 

Glycine ESI+ 76 30.1 40 16.8 

Homovanillic acid ESI+ 183 137.2 40 16 

Glutamate ESI+ 148 84 50 23.7 

Citrulline ESI+ 176 159.2 35 13.6 

Glutamine ESI+ 147 84 40 22.9 

Methionine ESI+ 150 56 40 21.3 
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Arginine ESI+ 175.1 70 30 27.1 

Lysine ESI+ 130 84.1 36 22.6 

Tyrosine ESI+ 182 136.1 40 18.7 

leucine ESI+ 132 86.2 25 14.6 

Ornithine ESI+ 133 70.1 30 24 

Adrenaline ESI+ 184.1 166.2 40 14.8 

Serine ESI+ 106 60.1 40 14.7 

Threonine ESI+ 120.1 74 33 20 

Aspartic acid ESI+ 134 74.1 35 19.9 

Asparagine ESI+ 132.9 74 36 21.9 

Adenosine ESI+ 268.1 136.2 30 26.84 

γ-Aminobutyric 

acid 
ESI+ 104 87.1 40 14.3 

Acetylcholine ESI+ 146 87.1 40 19.7 

Histamine ESI+ 112 95 30 20 

Levodopa ESI+ 198.2 152.2 45 19.1 

Norepinephrine ESI+ 170 152.1 40 15 

Taurine ESI+ 126 108 50 15 

Proline ESI+ 116 69.9 40 15 

Uridine ESI+ 244.9 113 40 20 

Phenylalanine ESI+ 166.1 120.1 20 19.6 

Histidine ESI+ 156.1 110 30 14.6 

urea ESI+ 61 44 40 24.22 

IS-Tryptophan-d5 ESI+ 210 192 13 15.63 

Tryptamine ESI+ 161.1 144 17 16.8 

Picolinic acid ESI+ 124.1 106.1 20 13.42 

S-adenosyl 

homocysteine 
ESI+ 385 136 39 23 

Kynurenine ESI+ 209.1 146.2 20 28 

5-Hydroxy-

tryptophan 
ESI+ 221.1 204.2 20 14.8 
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Serotonin ESI+ 177.2 160 20 18 

L-3-

hydroxykynurenine 
ESI+ 225 208 10 12.97 

Tryptophan ESI+ 205 188 20 14.12 

Indole-3-acetic 

acid 
ESI+ 176 130 20 23.95 

Nicotinic acid ESI+ 124 80 70 27.93 

Quinolinic acid ESI- 165.9 121.9 -20 -13.88 

Kynurenic acid ESI- 188 144 -20 -20 

Xanthurenic acid ESI- 204 160 -20 -20.38 

3-OH-anthranilic 

acid 
ESI- 152 108 -20 -19 

ATP ESI- 506.1 158.9 -70 -36 

ADP ESI- 426 159 -45 -34 

NAD ESI- 662 540 -30 -24 

Fumaric acid ESI- 115.1 71 -15 -11.14 

Aconitic acid ESI- 173 85 -14 -17.3 

Citric acid ESI- 190.9 111.1 -23 -18.21 

Malic acid ESI- 132.9 115 -30 -15.9 

Pyruvic acid ESI- 87.2 32 -21 -11.99 

Oxoglutaric acid ESI- 145.2 101.1 -13 -11.81 

Lactic acid ESI- 89.1 42.9 -26 -14.21 

Succinic acid ESI- 117.1 72.8 -27 -16 

Glucose ESI- 179 135.1 -70 -17.4 

AMP ESI- 346.2 79 -82 -78.9 

NADH ESI- 664 346.1 -100 -46.5 

IS-puerarin ESI- 415 295 -140 -30 

 

 

2.2.7 Untargeted metabolomics data processing 

All the LC-MS data were processed by the Compound Discoverer 3.3 software, providing 

compound formula, retention time, m/z, area, and normalized peak area. QC samples were used 
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for monitoring the stability and repeatability of the whole liquid quality system. Principal 

component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-

DA) were performed. The t-test (P < 0.05) and fold change (FC) values (FC > 1.5 or < 0.7) 

were used as indicators to screen for potential biomarkers with significant differences based on 

the criteria of variable importance in projection (VIP) values (VIP >1) in predictions obtained 

from the OPLS-DA model. MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/) was used to 

analyze the relative metabolic pathways. In all cases, P value < 0.05 was statistically significant. 

 

2.2.8 Network pharmacology analysis 

The targets of ACT were obtained from Pharmmapper74) and Swiss Target Prediction 

databases75-76). The related DN targets were searched by using “Diabetic Nephropathy” as a key 

word from TTD, OMIM, GeneCards, and DrugBank databases77-79). The targets were imported 

to Uniprot database to standardize and remove duplicates. The Venn diagram was obtained from 

Omicshare website (https://www.omicshare.com/). A protein-protein interaction (PPI) network 

was constructed by STRING 11.0 database80). Enrichment analysis such as Gene ontology (GO) 

and Kyoto encyclopedia of genes and genomes (KEGG) were established by the Metascape 

database81). According to the “component-target” and the “target-pathway” relationships, the 

Cytoscape 3.7.2 software was used to generate the "component-target-pathway" network and 

the network topology parameters. 

 

2.2.9 Statistical analysis 

Data were shown as mean ± standard error of the mean (SEM), and SPSS (version 25) was 

used to analyze the data. When comparing two groups of samples, a t-test was used if the 

distribution was normal and the variances were equal, otherwise a non-parametric rank sum test 

was used. For comparisons between multiple groups, if the distribution was normal and the chi-

square test was satisfied, the SNK test was used after a one-way ANOVA with differences, and 

the Tamhenian T2 (M) test was used when the variance was not equal. Significant differences 

were indicated when P < 0.05 and trends were indicated when P < 0.1. Graphs were made using 

GraphPad Prism (version 9.5). The graded data were statistically analyzed using a non-

parametric rank sum test, with P < 0.05 as the test for significance of difference. 

 

https://www.omicshare.com/
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2.3 Results 

2.3.1 General conditions of mice 

The mice in the Con group were in good general condition and agile. In the Mod group, 

the mice were depressed, the activity was reduced, and the flexibility was weakened. The above 

conditions of mice in each treatment group were improved. The mice weight gain values in the 

Mod group were significantly higher than those in the Con group (P < 0.001). The body weight 

gain values of mice in the ACT group were significantly smaller than the Mod group (P < 0.05) 

after 8 weeks of irbesartan and ACT administration (Figure 2-1A). The amount of water 

consumption in the Mod group was significantly higher than that in the Con group (P < 0.05). 

After irbesartan and ACT administration, there was no significant difference in water 

consumption between the Mod group and each group (Figure 2-1B). The results of glucose 

tolerance showed that there was a significant difference between the Mod group and the Con 

group (P < 0.05), but no significant difference between the Mod group and the other groups. In 

addition, the results of glucose tolerance in each group of mice showed significant differences 

(P<0.05) between the Mod group and the Con group, and there was no significant difference 

between the ACT treatment group and the Mod group, and there was no statistically significant 

difference before and after self comparison (Table 2-2). 

 

Table 2-2 The results of the area under the curve (AUC) under the glucose tolerance of 

mice in each group before and after administration (Mean ± SEM) 

Group n 0W 4W 8W 

Con 9 1316.5 ± 43.92 1372.83 ± 45.69 1260.67 ± 38.73 

Mod 7 3022.5 ± 184.56### 3406.5 ± 132.82### 3603.86 ± 123.69### 

ACT 6 3020.5 ± 304.92 3443.5 ± 272.44 3234.75 ±355.18 

 

2.3.2 Therapeutic effect of ACT on DN mice 

The results of urine biochemical indexes showed that the 24 h urinary microalbumin (total 

mALB) and urinary microalbumin/creatinine ratio (UmACR) were significantly higher in the 

Mod group than in the Con group (P < 0.05). In the Irb and ACT groups, the level of UmACR 

was lower than that in the Mod group (Figure 2-1C). 
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As shown in Figure 2-1D, HE staining results showed that there was no change in 

hypertrophy of the glomerulus, thickening of the capillary basement membrane, hyperplasia of 

the mesangial matrix, degeneration or necrosis of the tubular epithelium, and infiltration of 

inflammatory cells in the interstitium in the Con group. In the Mod group, the renal glomeruli 

were moderately hypertrophied, the glomerular cystic cavity was narrowed or even lacunar, the 

mesangial area was significantly widened, and the mesangial matrix was increased as shown 

by green arrows. Some of the renal tubules were structurally disorganized, while epithelial cells 

were hypertrophied and vacuolated as shown by yellow arrows (granular degeneration). Some 

animals had necrosis of individual cells in the tubules as shown by blue arrows. The 

inflammatory cell infiltration was visible in the interstitium, as shown by purple arrows, with a 

significant difference compared with the Con group (P < 0.01). In the Irb group, these lesions 

were slightly reduced compared to the Mod group. In the ACT group, the glomeruli were mildly 

hypertrophied, and the basement membrane and mesangial matrix were mildly hyperplastic as 

shown by the black and green arrows, respectively. The tubular epithelial cells were locally 

vacuolated as shown by the yellow arrow, whereas there was slight reduction of such cells as 

compared to the model group (P < 0.1).  

As shown in Figure 2-1E, PAS-staining results showed that the glomeruli of the Con group 

were structurally intact and had no mesangial proliferation. In the Mod group, the glomeruli 

were widened, the mesangial matrix proliferated, the glomerular capillary lumen was narrowed, 

and the basement membrane was thickened. The PAS glycogen area ratio of the kidney was 

significantly increased (P < 0.01) in the Mod group rather than the Con group, whereas was 

significantly lower in the Irb and ACT groups (P < 0.05 and P < 0.01, respectively).  

As shown in Figure 2-1F, Masson-staining results showed that the glomeruli and tubules 

in the Con group were structurally normal. In the Mod group, the collagen in the glomerular 

thylakoid region and renal tubulointerstitial tissues was more proliferative rather than in the 

Con group. The capillary basement membrane was thickened to varying degrees as shown by 

black arrows. The administration of Irb had a moderating effect on the collagen deposition in 

the interstitium of glomeruli and tubular interstitium of db/db mice. The ACT intervention was 

found to reduce collagen deposition in the glomeruli and tubular interstitium of db/db mice (P 

< 0.05).  
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Figure 2-1 Therapeutic effect of ACT on DN mice 

The glomerular glycogen and glomerular area was stained and the ratio of glomerular glycogen/glomerular area was calculated and the mean value (Olympus 

DP71 analysis system) was taken to compare the differences between the groups. Masson-stained sections with blue-colored collagen fibers were scored semi-

quantitatively according to the degree of collagen fiber proliferation within the renal tissues, and then the differences in collagen proliferation among the groups 

were compared. (A) The weight gain of mice in different groups for 8 weeks. (B) Food intake and water consumption of mice in each group. (C) The urinary 

microalbumin/creatinine ratio (UmACR) of mice in each group. (D) HE staining of kidney tissues (×200). (E) PAS staining of kidney tissues (×400). (F) Masson 

staining of kidney tissues (×400). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to Mod group).
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2.3.3 Multivariate analysis of metabolic profiles 

To further explore the potential mechanisms accounting for the protective effects of ACT 

against DN, the untargeted metabolomics was performed. To maximize the information load, 

fingerprints of serum, urine, and kidney samples were acquired in both negative and positive 

modes. 55, 328, and 196 metabolites were identified in serum, urine, and kidney samples, 

respectively, under the positive mode, while 52, 879, and 51 metabolites were under the 

negative mode. 

PCA analysis exhibited a separation tendency of groups. Unsupervised PCA and the 

representative total ion chromatograms (TICs) showed that QC samples behaved stably during 

the process. Furthermore, the PCA score plots (Figure 2-2A) showed that the three groups were 

obviously separated from each other, for both the positive and negative ion modes. This 

indicated a significant change in metabolites in the different groups, consistent with the 

appearance of physiological indicators. The first principal component (PC1) explained 96.13%, 

91.81%, 91.32%, and 93.41% of the characteristics of the original dataset under positive mode 

in serum, 4 weeks-urine, 8 weeks-urine, and kidney samples, respectively, while 98.83%, 

94.93%, 92.93%, and 93.49% under negative mode.  

The OPLS-DA model plots for the Con and Mod groups in positive and negative ion modes 

were clearly distinguishable (Figures 2-3, 2-4, 2-5). It was revealed that the endogenous 

substance metabolisms of db/db mice were obviously disrupted and could use the metabolic 

profiles to screen for biomarkers. Under positive mode, the parameters of R2Y and Q2 in OPLS-

DA were 0.987 and 0.909 in serum samples, 0.99 and 0.938 in 4 weeks-urine samples, 0.996 

and 0.959 in 8 weeks-urine samples, 0.996 and 0.915 in kidney samples, respectively, between 

Con and Mod group. Under positive mode, the parameters of R2Y and Q2 in OPLS-DA were 

0.997 and 0.677 in serum samples, 0.989 and 0.156 in 4 weeks-urine samples, 0.99 and 0.515 

in 8 weeks-urine samples, 0.98 and 0.842 in kidney samples, respectively, between Mod and 

ACT group. Under negative mode, the parameters of R2Y and Q2 in OPLS-DA were 0.99 and 

0.759 in serum samples, 0.991 and 0.956 in 4 weeks-urine samples, 0.995 and 0.963 in 8 weeks-

urine samples, 0.986 and 0.824 in kidney samples, respectively, between Con and Mod group. 

Under negative mode, the parameters of R2Y and Q2 in OPLS-DA were 0.993 and 0.553 in 

serum samples, 0.969 and 0.752 in 4 weeks-urine samples, 0.992 and 0.879 in 8 weeks-urine 

samples, 0.891 and 0.78 in kidney samples, respectively, between Mod and ACT group. In the 

positive mode, there was no significant difference in the urine samples between the ACT and 
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Mod groups at 4 weeks, while a significant difference at 8 weeks. These results indicated that 

the difference in the urine samples was more pronounced in the group that was administered 

for a longer period between the ACT and Mod groups. 

 

2.3.4 Analysis of metabolic pathways 

Based on VIP > 1, FC > 1.5 or < 0.7, and p < 0.05, the metabolites were filtered as 

differential metabolites. To explore the metabolic pathways of ACT in db/db mice, the 

differential metabolites were imported to MetaboAnalyst 5.0. As shown in Figure 2-2B, the 

pathways such as pyrimidine metabolism; aminoacyl-tRNA biosynthesis; alanine, aspartate, 

and glutamate metabolism; and glycine, serine and threonine metabolism were affected 

significantly in 4 weeks-urine samples between Con and Mod groups. As shown in Figure 2-

2C, the pathways such as pyrimidine metabolism; alanine, aspartate, and glutamate metabolism; 

aminoacyl-tRNA biosynthesis; pantothenate and CoA biosynthesis; and -alanine metabolism 

were affected significantly in 8 weeks-urine samples between Con and Mod groups. These 

results showed that pathways associated with amino acid metabolism were markedly changed 

after the ACT treatment. Ultimately, pathways affected in the urine were suggested to include 

alanine, aspartate and glutamate metabolism, and amino sugar and nucleotide sugar metabolism. 

Furthermore, pathways affected in the kidney were suggested to include purine metabolism, 

arginine biosynthesis, pantothenate and CoA biosynthesis, -alanine metabolism, and lysine 

degradation (Figure 2-2D). 

 

2.3.5 Network pharmacology analysis 

As shown in Figure 2-6A, a total of 293 targets of ACT were extracted from Pharmmapper 

and Swiss Target Prediction databases. After selecting and eliminating the redundancy, Figure 

2 -6B showed that 1748 targets for DN were obtained, in which there were 122 intersecting 

targets. In addition, Figure 2-7 briefly illustrated the process of network pharmacological 

analysis, indicating that AGE-RAGE signaling pathway in diabetic complications, Fox O 

signaling pathway, endocrine resistance, MAPK signaling pathway, insulin resistance, PI3K-

Akt signaling pathway, and IL-17 signaling pathway were involved in the KEGG pathway 

(Figures 2-6C and D). 

There were 143 nodes (122 targets and 20 pathways and ACT) and 477 edges. The 

"component-target-pathway" network was shown in Figure 2-7. In this network, the targets 
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such as AKT2, AKT1, MAPK1, HRAS, MAPK10, EGFR, MAPK8, MAPK14, IGF1R, and 

SRC were located at the central network. This result suggested that ACT may act synergistically 

on these targets to have pharmacological effects. Furthermore, carbohydrate, lipid, and amino 

acid metabolism, which mainly affected endocrine and immune system, were found to be highly 

relevant pathways along with signaling transduction pathways. 

 

2.3.6 Compound-reaction-enzyme-gene network construction  

To obtain a comprehensive view of the therapeutic effect of ACT on db/db mice, an 

interaction network was constructed based on metabolomics and network pharmacology in 

Figure 2-8. By matching the potential genes and the differential endogenous metabolites in 

Medscape, key targets such as AKT2, AKT1, MAPK1, HRAS, MAPK10, EGFR, MAPK8, 

MAPK14, IGF1R, and SRC were selected. The related key metabolites were adenine, leucine, 

uracil, adenosine monophosphate, arginine and so on. In addition, urea cycle and metabolisms 

of arginine, proline, glutamate, aspartate, asparagine, tyrosine, tryptophan, pyrimidine, 

phosphatidylinositol phosphate, purine, lysine, glycine, serine, alanine, and threonine were 

affected by such signal pathways. 
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Figure 2-2 Differential metabolite analysis 

A total of 293 targets of ACT were extracted from Pharmmapper and Swiss Target Prediction databases. After 

selecting and eliminating the redundancy. (A) PCA of Con, Mod, ACT group serum, 4 weeks-urine, 8 weeks-

urine, and kidney samples in positive and negative mode. (B) Metabolic pathways of significant metabolites 

in 4 weeks-urine samples between Con and Mod group as visualized using MetaboAnalyst. (C) Metabolic 

pathways of significant metabolites in 8 weeks-urine samples between Con and Mod group as visualized 

using MetaboAnalyst. (D) The metabolic pathways of significant metabolites in kidney samples among Con, 

Mod and ACT group. 
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Figure 2-3. Multivariate statistical analysis of Con, Mod, and ACT group in serum 

samples 

(A) Orthogonal projections to latent structures discriminant analysis (OPLS-DA) scores scatter plot between 

Con and Mod groups in positive mode. (B) OPLS-DA scores scatter plot between Con and Mod groups in 

negative mode. (C) OPLS-DA scores scatter plot between Mod and ACT groups in positive mode. (D) OPLS-

DA scores scatter plot between Mod and ACT groups in negative mode. (E) Results of OPLS-DA permutation 

test between Con and Mod groups in positive mode. (F) Results of OPLS-DA permutation test between Con 

and Mod groups in negative mode. 
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Figure 2-4. Multivariate statistical analysis of Con, Mod, and ACT group in 4 and 8 weeks-

urine samples 

(A) OPLS-DA scores scatter plot of 4 weeks-urine samples in positive mode. (B) OPLS-DA scores scatter 

plot of 8 weeks-urine samples in positive mode. (C) OPLS-DA scores scatter plot of 4 weeks-urine samples 

in negative mode. (D) OPLS-DA scores scatter plot of 8 weeks-urine samples in negative mode. 
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Figure 2-5. Multivariate statistical analysis of Con, Mod, and ACT group in kidney 

samples 
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(A) OPLS-DA scores scatter plot between Con and Mod groups in positive mode. (B) OPLS-DA scores 

scatter plot between Mod and ACT groups in positive mode. (C) OPLS-DA scores scatter plot between Con 

and Mod groups in negative mode. (D) OPLS-DA scores scatter plot between Mod and ACT groups in 

negative mode. (E) S-plot analysis of OPLS-DA between Con and Mod groups in positive mode. (F) S-plot 

analysis of OPLS-DA between Mod and ACT groups in positive mode. (G) Results of OPLS-DA permutation 

test between Con and Mod groups in negative mode. (H) Results of OPLS-DA permutation test between Mod 

and ACT in negative mode. 
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Figure 2-6 Screening and enrichment analysis of ACT-DN targets 

That 1748 targets for DN were obtained, in which there were 122 intersecting targets. The targets of ACT were obtained from Pharmmapper74) and Swiss Target 

Prediction databases75-76). Enrichment analysis such as Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) were established by the 

Metascape database. According to the “component-target” and the “target-pathway” relationships, the Cytoscape 3.7.2 software was used to generate the 

"component-target-pathway" network and the network topology parameters.(A) 122 overlapping gene symbols between DN and ACT. (B) PPI network analysis. 

(C) Modules in PPI network. (D) Top 20 pathways of KEGG enrichment analysis. (E) GO enrichment analysis. 
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Figure 2-7 The process of network pharmacological analysis 

The process of network pharmacological analysis typically involves several key steps. First, the analysis targets are determined, which may include specific 

compounds or targets. Next, a database search is conducted using the analysis targets as keywords. This involves searching public databases. After collecting the 

necessary information, a compound-protein interaction network is constructed. This network model integrates the collected data to reflect the interactions between 

compounds and proteins. Subsequently, network analysis is performed on the established compound-protein network. The aim is to reveal the interaction patterns 

and pharmacological mechanisms between compounds and targets. 
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Figure 2-8 The compound-reaction-enzyme-gene networks of the key metabolites and targets 

The red hexagons, grey diamonds, green round rectangle, and purple circles represent the active compounds, reactions, proteins and genes, respectively. The key 

metabolites, proteins and genes were magnified. The pathways with a blue background are significantly regulated in the cortex. The pathways with a red 

background are significantly regulated in both the cortex and hippocampus. (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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2.3.7 The result of targeted metabolomics analysis 

For the pathways enriched by untargeted metabolomics, targeted metabolomics by 

UHPLC-QQQ-MS/MS was performed in kidney samples for validation. Tissue samples offer 

advantages in determining organ-specific metabolic fingerprints compared to biological fluids 

that represent the average metabolic state of the whole organism. As shown in Figure 2-9, ACT 

significantly call backed the kidney levels of metabolites such as threonine, proline, 

phenylalanine, histidine, serine, arginine, asparagine, urea, kynurenic acid, tryptophan, 

glutamine, cysteine, leucine, AMP, and NAD+. In addition, ACT was found to significantly 

reduce the levels of uridine, 5-hydroxyindole-3-acetic acid, methionine, choline, and 

oxoglutaric acid, while increased the levels of succinic acid and lactic acid. Furthermore, the 

results of targeted metabolomics in the kidney were consistent with those of serum detection. 

To assess the discriminatory efficacy of the metabolite markers, further receiver operating 

characteristic (ROC) curve analysis was performed in the validation group. Figure 2-10 showed 

that 15 metabolite markers including NAD+, AMP, urea, kynurenic acid, tryptophan, glutamine, 

cysteine, leucine, threonine, proline, phenylalanine, histidine, serine, arginine, and asparagine 

exhibited excellent diagnostic abilities with differences between the Con group and the Mod 

group. In addition, those markers in kidney were found to have a high sensitivity and specificity 

with the area under the curve (AUC) of 0.711 or larger. Therefore, it was suggested that such 

markers were suitable for detecting the kidney damage in DN. Specifically, serine and 

asparagine exhibited the distinguished ability in the kidney. And in our study, the level of 

tryptophan was increased significantly in kidney samples and ACT could significantly revert 

the level of tryptophan and thus play a therapeutic role in DN (Figure2-11). 
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Figure 2-9 Targeted metabolomic analysis in kidney samples 

The green represents the WT group, orange represents the MOD group, and purple represents the ACT administration group. *P < 0.05, **P 

< 0.01, ***P < 0.001, ****P < 0.0001 (compared to Mod group). 
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Figure 2-10 Receiver operating characteristic (ROC) curves of metabolites based on targeted metabolomic analysis 

This figure demonstrates the ROC curve (Receiver Operating Characteristic Curve) of the model. The ROC curve evaluates the classification performance of the 

model by depicting the relationship between the True Positive Rate (TPR, also known as sensitivity) and the False Positive Rate (FPR, also known as 1 minus 

specificity). The horizontal axis (X-axis): False Positive Rate (FPR), representing the proportion of negative samples that are wrongly predicted as positive. The 

value range is usually from 0 to 1, increasing from left to right. The vertical axis (Y-axis): True Positive Rate (TPR), also known as sensitivity, representing the 

proportion of positive samples that are correctly predicted as positive. The value range is usually from 0 to 1, increasing from bottom to top. Curve: ROC curve. 

Ideally, the curve should be close to the top left corner, indicating that the model maintains a low FPR while achieving a high TPR. The diagonal line represents 

the performance of random guessing. (A) ROC curves of metabolites between Con and Mod groups in kidney samples. (B) ROC curves of metabolites between 

Mod and ACT group in kidney samples. 
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Figure 2-11 Relationship map of differential metabolites 

The red dots are metabolites identified from biological samples treated with ACT for DN, which 

are enriched in the blue metabolic pathway, which mainly involves amino acid metabolism and 

sugar metabolism. 
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2.4 Discussion 

DN is one of the major complications of DM, which is a major cause of end-stage renal 

disease82). The main cause of DN is a damage to glomerular microvascular structure and 

function in a chronic high-glucose environment, which is generally considered to be the result 

of environmental and genetic factors83). Metabolic dysregulation has been reported to become 

an important marker in the pathogenesis84). 

Amino acids are well known to exist in a wide range of organisms and play as active 

signaling molecules that regulate metabolism such as glycolysis and the tricarboxylic acid cycle, 

protein synthesis, and the synthesis of nucleic acids and lipids in maintaining homeostasis85). 

Dysregulation of amino acid metabolism is also a pathogenic risk factor for type 2 diabetes 

(T2D)86). Branched-chain amino acids (BCAA) such as valine, leucine and isoleucine are 

essential amino acids with protein-synthetic properties. Recently, it has been reported that there 

is a surge in research into the role of BCAA in promoting insulin secretion and predicting DN87). 

In addition, a dietary supplementation of leucine into mice has been reported to reduce insulin 

resistance, liver steatosis, and early DN development88). Furthermore, it has been reported that 

BCAA responsiveness is elevated in the early stages of type 2 diabetes mellitus (T2DM) to 

counteract high glucose toxicity, while the progression of DN is further exacerbated by a 

deficiency of BCAA89).  

On the other hand, it has been reported that levels of BCAA and aromatic amino acids are 

higher in pre-diabetic and diabetic patients than in normal ones, by a mechanism which 

circulating amino acids may regulate insulin functions90-91). In addition, the plasma levels of 

aromatic amino acids have been reported to be influenced by renal conditions, because the 

kidney plays an important role in amino acid synthesis, degradation, conversion, and renal 

tubular reabsorption92). Taken together with that tyrosine and phenylalanine have been shown 

to play a key role in a predicting risk of future diabetes92), not only BCAA but also aromatic 

amino acids seem to become a risk predictor of DM. In this regard, it has been reported that 

insulin resistance and a T2DM phenotype are induced in mice fed with a diet supplemented 

with phenylalanine93). Thus, these reports strongly support our findings that the level of leucine 

and phenylalanine are increased in kidney from DN mice treated with ACT. Therefore, the 

augmentation of BCAA and aromatic amino acids production is likely to contribute to the 

therapeutic action of ACT in DN. 

Ornithine is converted to citrulline, which in turn reacts with aspartic acid to produce 
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arginine and urea in a urea cycle94). It has been reported that plasma citrulline level is associated 

with DN risk, whereas there is no significant correlation among arginine, ornithine, their ratios 

and DN risk95). However, Abdelsattar et al.96) have shown that the levels of arginine, citrulline, 

and ornithine in the blood are significantly increased in the early stages of DN, under which the 

level of arginine is predominant. Similar observations were obtained in this study, and I 

demonstrated for the first time that ACT significantly reduced the level of arginine in the kidney. 

Thus, it is suggested that ACT improves the function of urea cycle for its therapeutic effect on 

DN. 

An essential amino acid, tryptophan plays a vital role in human health and disease and is 

mainly catabolized through a kynurenine pathway to produce kynurenic acid, xanthurenic acid, 

and quinolinic acid97). This metabolic pathway has been reported to be involved in the 

regulation of immune activation and inflammation linked to obesity and insulin resistance98). A 

case-cohort study has shown that tryptophan levels is initially increase and then deplete as 

diabetes progresses in severity, suggesting that tryptophan is associated with a higher risk of 

incident T2D 99). In this study, the level of tryptophan was increased significantly in kidney 

samples, and ACT decreased its level. Thus, it is suggested that ACT improves the metabolism 

of tryptophan in a kynurenine pathway for its therapeutic effect on DN. 

The high ratio of asparagine to aspartate has been reported to be associated with an 

elevated risk of T2D100). However, other studies101) have shown that asparagine is associated 

with a lower risk of diabetes. In our study, the level of asparagine in db/db mice was higher than 

in normal mice. Taken together with a previous paper that microbial metabolites of imidazole 

propionate from histidine contribute to the pathogenesis of T2DM102), ACT is likely to revert 

the level of histidine in kidney samples. As the relationship between asparagine levels and 

diabetes is still clinically controversial, further research is needed to address the pattern of 

changes in asparagine in diabetic patients.  

It has been reported that the levels of AMP and GMP are significantly decreased in the 

extrarenal medulla and increased in the renal cortex, whereas those of ADP and ATP are 

increased in the renal cortex and outer medulla in the kidneys of high-fat diet-fed and 

streptozotocin (STZ)-treated DN rats103). Therefore, the metabolism of amino acids may play 

an important role in renal metabolism with not only the basic energy source but also the basal 

metabolism of the kidney. In our study, the level of AMP in the kidney of the Mod group was 

significantly reduced, of which condition was improved after the medication, suggesting the 
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improvement of renal hyperfunction. Thus, these findings allow me to speculate that ACT 

recovers amino acid metabolism disturbed in DN. Further experiments need to clarify this 

hypothesis. 

 

2.5 Conclusions  

In this Chapter, my findings strongly suggested that ACT delays the progression of DN 

and improves the degree of histopathological damage to the kidney, which is closely related to 

the metabolic pathway of amino acid such as tryptophan, glutamine, cysteine, leucine, threonine, 

proline, phenylalanine, histidine, serine, arginine, and asparagine. Furthermore, the network 

pharmacology analysis suggests that the actions of ACT are associated with the regulation of 

signal transduction, the metabolism of carbohydrate, lipid, and amino acid, and mainly the 

endocrine and immune systems. Thus, this study provides a precious insight and understanding 

for the clinical treatment of DN with ACT.   
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CHAPTER 3 Molecular mechanisms of renal protective actions of ACT in 

rat glomerular cells in vitro  

 

3.1 Introduction  

In Chapters 1 and 2, I have gradually revealed the therapeutic activity of ACT in the field 

of nephrosis (CGN-DN) and explored the mechanism of action of ACT in vivo. In this Chapter, 

I examined molecular mechanisms of renal protective actions of ACT in rat glomerular cells in 

vitro. 

It has been reported that ACT impedes the proliferation of crescentic cells and the 

mitigation of crescentic cell adhesion to the glomerular vessel wall and inhibits the necrosis of 

glomerular fibroblasts20). In addition, ACT has been reported to markedly reduces proteinuria 

and glomerular protein swelling, impedes glomerular cell proliferation, decreases glomerular 

macrophage permeability, downregulates glomerular cell ICAM-1 expression, and increases 

the activity of glomerular cell matrix metalloproteinases (MMPs)104). MMPs are the pivotal 

enzymes that degrade various ECM components under physiological and pathological 

conditions105). It has been reported that MMP-2/gelatinase A participates in a variety of renal 

damage processes such as glomerulosclerosis and interstitial fibrosis. MMP-2 has been reported 

to promote the transformation of the angiogenic phenotype106). Furthermore, MMP-9/gelatinase 

B has been reported to activate angiogenesis to prerequisite for endothelial cells to form 

neovascularization107). Moreover, both MMP-2 and MMP-9 have been reported to promote 

neovascularization by acting on other cells or vascular factors. 

Mesangial cells, endothelial cells, and podocytes are recognized as structural cells of the 

glomerulus. Mesangial cells in the glomerulus play an important role in maintaining the 

integrity of the glomerular capillary bed and the metabolic balance of the mesangial matrix 108-

109). In the pathogenesis of kidney disease, various pathological factors directly affect 

glomerular mesangial cells, causing hypertrophy and excessive proliferation of glomerular 

mesangial cells. The abnormal accumulation and deposition of ECM components such as 

collagen and fibronectin (FN) in the mesangial area constitute an important pathological basis 

for glomerular fibrosis and sclerosis110-111). Connective tissue growth factor (CTGF), which is 

a very important pro-fibrotic factor, plays an important role in the occurrence and development 

of kidney disease associated with glomerular fibrosis112-114). Transforming growth factor β1 
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(TGF-β1) is a major renal fibrosis promoting factor that participates in mesangial cells 

proliferation, the synthesis and deposition of ECM proteins115), and glomerular sclerosis and 

interstitial fibrosis of the renal tubules116). 

Glomerular endothelial cells directly contact the blood through the glomerular filtration 

barrier. In addition, proteinuria is one of the signs of widespread damage to glomerular 

endothelial cells in kidney disease117-118). It has been reported that angiotensin II (Ang II) 

induces damage and apoptosis of glomerular endothelial cells following to the development of 

kidney disease119-121). In addition, it has been reported that Ang II promotes the production of 

various cytokines including TGF-β1 to accumulate cell proliferation matrix122). Furthermore, 

the increased activity of Ang II has been reported to augment changes in renal glomerular 

hemodynamics, glomerular capillary pressure, the excretion of urinary albumin, the infiltration 

of mononuclear macrophages in the glomerulus, and the synthesis and aggregation of ECM, 

leading to renal injury115). 

Podocytes, which are attached to the outer side of the glomerular basement membrane 

(GBM), form a filtration barrier with the glomerular basement membrane and capillary 

endothelial cells. Thus, changes in podocytes are associated with the occurrence of proteinuria 

related kidney disease. Furthermore, the changes in the level of nephrin and synaptopodin, 

which are podocyte injury markers123), have been reported to objectively explain the 

morphology and activity of podocytes124-130). 

In this Chapter, to elucidate the molecular mechanisms of the therapeutic actions of ACT 

for kidney disease, I systematically studied the effects of ACT on the expression of such key 

molecules in mesangial cells, glomerular endothelial cells, and podocytes under inflammation 

and high-glucose (HG) damage conditions. Furthermore, based on the results of metabolic 

analysis in the Chapter 1, the effects of two metabolites of ACT, DOPE and DOPAC, on cell 

morphology and the expression of nephrin were examined in HG-stimulated glomerular 

podocytes. 

 

3.2 Materials and Methods 

3.2.1 Chemicals and reagents  

ACT was isolated from the Dihuangye as Chapter 1. The purity of ACT was over 98%. 

DTG is from Sichuan Meidakang Company, with an ACT content of approximately 40%. 

Dimethyl sulfoxide (DMSO) (Cat# D2650) and collagenase Ⅳ (Cat# C8160) were purchased 
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from Sigma (Germany). Fetal bovine serum (FBS) (Cat# 10099-141), trypsin (Cat# 25200-072), 

DMEM/F12 medium (Cat# C11330500BT), RPMI1640 basal medium (Cat# 11875085) were 

purchased from Gibco (USA). PVDF membrane (0.45 um) (Cat# IPVH00010) was purchased 

from Millipore (Germany). Developing liquid (Cat# YA0371), fixative (Cat# YA0381), 

photographic film (Cat# YA0360) were purchased from Eastman Kodak Company (USA). D-

glucose was purchased from Shanghai Sangon Biological Engineering Co., Ltd (Shanghai, 

China); RIPA buffer (high), Phenylmethanesulfonyl fluoride (PMSF), SDS-PAGE Gel Kit were 

purchased from Solarbio (Beijing, China); RPMI 1640 Media (Cat# SH30807.01) and low 

glucose DMEM (Cat# SH30002.01) were purchased from Hyclone (USA). High glucose 

DMEM (Cat# 12800-058) was purchased from GIBCO (USA). 

 

3.2.2 Antibodies 

Vascular endothelial growth factor (VEGF) (Cat# K003244P), transferrin (Cat# T8010), 

3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) (Cat# M8180), radio 

immunoprecipitation assay lysis buffer (RIPA) (Cat# R0020), PMSF (Cat# P0100), acrylamide 

(30%, 29:1) (Cat# A1010), tris(Hydroxymethyl)aminomethane (Tris) (PH 8.8) (Cat# T1010), 

BCA protein assay kit (Cat# PC0020), rainbow protein marker (Cat# PR1930), ECL western 

blotting substrate (Cat# PE0010-A/B), rabbit anti-matrix metalloproteinase-9 (MMP-9) 

antibody (Cat# bs-4593R), rabbit anti-matrix metalloproteinase-2 (MMP-2) antibody (Cat# bs-

4599R), rabbit anti-CTGF antibody (Cat# bs-0743R), rabbit anti-AngII antibody (Cat# bs-

0587R), and rabbit anti-TGF-β antibody (Cat# bs-0086R) were purchased from Bioss (USA). 

Anti-GAPDH antibody (Cat# ab37168) was purchased from Abcam (UK). Anti-rabbit IgG and 

HRP-linked antibody (Cat# 7074) were purchased from Cell Signaling Technology (USA). β-

Actin rabbit monoclonal antibody (mAb) was purchased from Cell Signaling Technology 

(Beverly, MA, USA). Rabbit polyclonal antibody to nephrin was purchased from Abcam 

(Cambridge, MA, USA). 

 

3.2.3 Animals 

Male Sprague-Dawley (SD) rats were used for the separation of glomerular cells. The rats 

were purchased from Shanghai JSJ Laboratory Animal Technology Co. Ltd, SCXK (HU) 2018-

0004 & SCXK (HU) 2013-0006 (Shanghai, China). 
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3.2.4 Isolation and culture cells 

 

3.2.4.1 The culture of primary rat kidney cells 

Renal lavage in situ: SD rats were anesthetized with 8% chloral hydrate injection and 

positioned supine. The chest and abdomen were sterilized, and the thoracic aorta was dissected, 

blood was perfused with sterile cold PBS to wash the kidneys, while the renal vein was incised 

to facilitate fluid outflow. After 1-2 min, the kidneys turned pale. The renal cortex was cut into 

1-2 mm3 pieces after the medulla was removed. The renal cortex was ground and passed through 

80, 120, and 200 cell Strainers to collect the glomeruli. 

 

3.2.4.2 Isolation and culture of rat glomerular endothelial cells 

The isolated glomeruli were digested using 0.1% type collagenase IV, and the resulting 

precipitate was collected. Subsequently, 2×104 glomeruli were seeded in culture flasks coated 

with 1% gelatin. A specialized endothelial cell culture medium, comprising DMEM, 20 mmol/L 

HEPES, 20% FBS, 0.66 U/mL insulin, 20 ng/mL vascular endothelial growth factor, and 100 

μg/mL heparin sodium, was added. Following three days of static culture, daily observations 

were made to confirm glomerular adherence. Once full adherence was achieved, media 

exchange and purification were routinely performed during the third week131-132). 

 

3.2.4.3 Isolation and culture of rat glomerular mesangial cells 

The collected glomeruli underwent centrifugation at 3000 r/min for 10 min, discarding the 

supernatant. Subsequently, 5 mL of 0.5 g/L type collagenase IV was added, and the mixture was 

transferred to a sterile centrifuge tube. A 37 ℃ water bath was employed for digestion with 

shaking for 30 min. The digestion process was halted using RPMI-1640 containing 20% FBS 

at 1500 r/min for 10 min, followed by discarding the supernatant. The cells were resuspended 

in RPMI-1640 medium with 20% FBS and seeded in T25 flasks. Incubation occurred in a 37 ℃, 

5% CO2 environment for 3-5 days, ensuring no disturbance to the flasks for the initial 3 days. 

On the 5th day, the first medium change was performed, and subsequent changes occurred every 

3 days until the 14th day, when the cells underwent their first digestion133). 
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3.2.4.4 Isolation and culture of rat glomerular podocytes 

Glomeruli were obtained through rinsing with DMEM/F12, resulting in the observation of 

numerous intact Bowman's capsule glomeruli under an inverted microscope. After collection in 

a centrifuge tube, 0.1% type collagenase IV was added for digestion at 37 ℃ for 10 min, 

followed by supernatant removal through centrifugation at 800 r/min for 5 min. The glomeruli 

were then resuspended in complete medium (containing 10% FBS, 100 U/mL penicillin, 100 

U/mL streptomycin, 5 μg/mL insulin, 5 μg/mL transferrin, and 5 μg/mL sodium selenite), and 

seeded in gelatin-coated T25 culture flasks at a density of 15-20 glomeruli per mL. Placed in a 

5% CO2 incubator, by the third day, most glomeruli adhered to the flask wall, with cobblestone-

like podocytes emerging from a few. Following a medium exchange, numerous podocytes 

crawled out from the glomeruli, exhibiting cobblestone-like structures with visible foot 

processes on the outermost cells. After 10 days of culture, the cells underwent passaging 

through differential trypsin digestion. The podocytes in the incubator were removed, and after 

a wash with preheated sterile PBS at 37 ℃, 0.25% trypsin was added to the culture flask for 

digestion lasting 3-5 min. Under an inverted microscope, podocytes exhibited shrinkage and 

rounding, with a small portion detaching from the surface. Initial digested cells were discarded, 

replaced with preheated complete medium, and completely detached using an elbow pipette. 

After collection, the cells underwent another round of passage through a 200-mesh screen to 

remove glomeruli. Following collection and screening, centrifugation was performed at 1000 

r/min for 5 min before resuspending in complete medium and inoculating into T25 flasks for 

further incubation. On the second day of passage, the culture medium was changed, while 

maintaining the aforementioned conditions for one week, with media changes occurring every 

three days until differentiation, when cells were utilized for corresponding experiments134-135). 

 

3.2.5 MTT assay 

Three types of renal cells in logarithmic growth phase, displaying robust growth status, 

were selected. The cell suspension concentration was adjusted, and the aliquot of the suspension 

(100 μL) was added to each well. The plate was gently shaken to evenly distribute the cells at 

a density of 8000 cells per well, with sterile PBS used to fill the edge wells. Subsequently, the 

cells were incubated in a 5% CO2 atmosphere at 37 ℃ until they formed a monolayer on the 

bottom surface of a flat-bottomed 96-well plate with 100 μL medium per well and six replicates. 

Additionally, zero-setting wells (containing complete medium, MTT reagent, and dimethyl 
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sulfoxide) as well as control wells (containing cells, complete medium, MTT reagent, and 

DMSO) were prepared. ACT intervention concentrations were prepared at 12.5 μmol/L, 25 

μmol/L, 50 μmol/L, and 100 μmol/L. DTG intervention concentrations based on the content of 

ACT (40%) were set at 19.5 mg/L, 39.1 mg/L, 78.2 mg/L, and 156 mg/L. After 12, 24, 48, or 

72 h, the cells were observed under an inverted microscope. After careful flushing 2-3 times 

with PBS, 10 μL of MTT solution (5 mg/mL, or 0.5% MTT) was added to each well, and the 

culture was continued for another 4 h. Then, 100 μL of formazan solution was added to each 

well, mixed appropriately, and the incubation was continued in the cell incubator until the 

formazan was completely dissolved under the microscope. Absorbance was measured at 570 

nm. 

 

3.2.6 Western Blot analysis 

According to the MTT test results, the ACT intervention concentration was set at 25 

μmol/L (L), 50 μmol/L (M), and 100 μmol/L (H). The intervention concentration of DTG based 

on the content of ACT (40%) was set at a higher 156 mg/L. 

The cell culture medium was aspirated and washed once with serum-free medium. To 1 

mL of RAPA, 10 μL PMSF was added to achieve a final PMSF concentration of 1 mM. The 

lysate was added in a ratio of 150 to 250 μL per well in a 6-well plate based on the cell number. 

The lysed sample was centrifuged at 10000×g for 5 min, and the supernatant was discarded. 

Protein content was determined using the BCA kit instructions. RIPA was added to adjust the 

volume of each sample to 20 μL. Finally, 5 μL (5×) buffer was added for mixing, and the 

protein was fully denatured by boiling for 10 min. The sample volume of the pre-staining 

marker was 5 μL each time. SDS-PAGE was conducted, and the concentrated gel portion was 

subjected to constant pressure electrophoresis at 80 V for about 20 min. The separated gel 

portion was then subjected to constant pressure electrophoresis at 150 V until the leading edge 

of bromophenol blue was below the electrode wire. A sandwich structure was used for 

membrane transfer, employing 200 mA constant current electric transfer for 100 min while 

maintaining a voltage of 80 V. After membrane transfer, the membrane was removed and rinsed 

three times with TBST. A blocking solution of 5% skim milk powder was applied at room 

temperature for 2 h. TBST was used for three additional rinses. According to the primary 

antibody instructions, the molecular weight band range obtained by Western blot was predicted, 
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and the membrane was accordingly cut. The primary antibody and GAPDH one were diluted 

in TBST buffer containing 5% BSA. The cut membranes were incubated in the primary 

antibody dilution (1:200) and GAPDH (1:4000), respectively, overnight at 4 ℃ on a shaker. 

TBST was used for three additional rinses. HRP-labeled goat anti-rabbit secondary antibody 

was diluted to 1:5000 with TBST buffer, and the membrane was placed in the secondary 

antibody diluent and incubated for 1 h at room temperature. TBST was used for three additional 

rinses. The ECL luminescent reagent A and reagent B were mixed in equal volume in the dark, 

and the luminescent solution was evenly applied to the PVDF membrane protein surface in the 

dark room. After incubating for 3 min, the residual solution was slightly absorbed. The exposure 

time was adjusted multiple times with different time gradients to achieve the best effect. The 

film was then scanned or photographed.  

 

3.2.7 Statistical analysis 

Statistical analysis of the data was carried out using SPSS (v 25), and the results were 

presented as mean ± standard error of the mean (SEM). The t-test was employed for datasets 

with normal distribution and equal variance, while the non-parametric rank sum test was applied 

for datasets exhibiting abnormal distribution. Significance was attributed to cases where P < 

0.05, and trends were identified when P < 0.1. Graded data were assessed for significant 

differences using a nonparametric rank sum test. Graphs were generated using GraphPad Prism 

(v 9.5). 

 

3.3 Results  

 

3.3.1 Effect of ACT and DTG on cell viability in LPS-stimulated mesangial cells 

First, MTT assay was performed to evaluate the protective effects of ACT and DTG on 

cell viability in rat mesangial cells stimulated for 24, 48, and 72 h with LPS. As shown in Figure 

3-1, the model group exhibited a decline in cell viability compared to the blank group at the 24 

h of LPS stimulation. Different concentrations of ACT showed protective effects on cell 

viability compared to the model group; significant protective effects were detectable at 50 

μmol/L and 100 μmol/L of ACT. The DTG group also demonstrated a significant protective 

effect on cell viability at 39.1 mg/L, 78.2 mg/L, and 156 mg/L in a dose-dependent manner. 

After 48 h of LPS stimulation. As shown in Figure 3-1, cell viability was decreased in the 
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model group as compared to the blank group. However, both ACT and DTG were found to 

dose-dependently increase the cell viability in the model group. Following the 72 h of LPS 

stimulation, cell viability was reduced in the model group as compared to the blank group. 

Similarly, both ACT (50 μmol/L) and DTG (78.2 mg/L and 156 mg/L) administration was found 

to increase cell viability in the model group in a dose-dependent manner.  

 

 
Figure 3-1 Effect of ACT and DTG on cell viability in LPS-stimulated rat mesangial cells 

Rat mesangial cells were treated for 24h (A), 48h (B), and 72h (C) with ACT (12.5-100 μmol/L) and DTG 

(19.5-156 μmol/L) in the presence and absence of LPS (1 μg/mL), and then the cell viability was measured 

as described in the Materials and Methods. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 (compared to 

the Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to the LPS group). 

 

 

3.3.2 Effect of ACT and DTG on cell viability in IL-1β-stimulated mesangial cells 

Next, MTT assay for evaluating ACT and DTG actions was similarly demonstrated in IL-

1β-stimulated rat mesangial cells. As shown in Figure 3-2, cell viability was decreased in the 

model group as compared to the blank group. Both ACT and DTG were found to exhibit 

protective effect similarly and dose-dependently on cell viability in IL-1β-stimulated rat 

mesangial cells at individual treatment periods (24-72 h).  
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Figure 3-2 Effect of ACT and DTG on cell viability in IL-1β-stimulated rat mesangial cells 

Mesangial cells were treated for 24h (A), 48h (B), and 72h (C) with ACT (12.5-100 μmol/L) and DTG (19.5-

156 μmol/L) in the presence and absence of IL-1 (10 ng/mL), and then the cell viability was measured as 

described in the Materials and Methods. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 (compared to the 

Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to the IL-1β group). 

 

3.3.3 Effect of ACT and DTG on cell viability in IL-1β-stimulated glomerular endothelial 

cells 

To clarify whether ACT and DTG exhibit the protective effect on other structural cells of 

the glomerulus, the similar MTT assay was performed in rat glomerular endothelial cells treated 

for 12-48 h with IL-1β. As shown in Figure 3-3, IL-1β stimulation for up to 48 h was found to 

decrease the cell viability of endothelial cells. In addition, both ACT (12.5-100 μmol/L) and 

DTG (19.5-156 mg/L) were found to recover the cell viability of endothelial cells in a dose-

dependent manner.  

 

3.3.4 Effect of ACT and DTG on cell viability in HG-stimulated glomerular endothelial 

cells 

Since ACT showed therapeutic efficacy in DN in Chapter 2, the effects of ACT on cell 

viability was examined in HG-stimulated rat glomerular endothelial cells. As shown in Figure 

3-4, HG stimulation was found to decrease the cell viability of glomerular endothelial cells in 

a treatment-time-dependent manner. Both ACT (12.5, 25, 50, and 100 μmol/L) and DTG (19.5, 

39.1, 78.2, and 156 mg/L) were found to dose-dependently recovered the cell viability in HG-

stimulated glomerular endothelial cells. 
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Figure 3-3 Effect of ACT and DTG on cell viability in IL-1-stimulated rat glomerular 

endothelial cells 

Rat glomerular endothelial cells were treated for 24h (A), 48h (B), and 72h (C) with ACT (12.5-100 μmol/L) 

and DTG (19.5-156 μmol/L) in the presence and absence of IL-1 (10 ng/mL), and then the cell viability was 

measured as described in the Materials and Methods. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 

(compared to the Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to the IL-1β 

group). 

 

 

 

Figure 3-4 Effect of ACT and DTG on cell viability in HG-stimulated rat glomerular 

endothelial cells 

Glomerular endothelial cells were treated for 24h (A), 48h (B), and 72h (C) with ACT (12.5-100 μmol/L) 

and DTG (19.5-156 μmol/L) in the presence and absence of HG (30 mmol/mL), and then the cell viability 

was measured as described in the Materials and Methods. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 

(compared to the Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to the HG 

group).  
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3.3.5 Effect of ACT and DTG on cell viability in IL-1β-stimulated glomerular podocytes 

To investigate whether ACT and DTG exhibit the protective effect on another structural 

cells of the glomerulus, the similar MTT assay was performed in rat glomerular podocytes. As 

shown in Figure 3-5, when the cells were stimulated for 12, 24, and 48 h with IL-1β, the cell 

viability was slightly decreased in a time-dependent manner. In addition, both ACT (12.5, 25, 

50, and 100 μmol/L) and DTG (19.5, 39.1, 78.2, and 156 mg/L) were found to dose-dependently 

augment the cell viability in the IL-1-stimulated podocytes. 

 

 

 
Figure 3-5 Effect of ACT and DTG on cell viability in IL-1-stimulated rat glomerular 

podocytes 

Rat glomerular podocytes were treated for 24h (A), 48h (B), and 72h (C) with ACT (12.5-100 μmol/L) and 

DTG (19.5-156 μmol/L) in the presence and absence of IL-1 (10 ng/mL), and then the cell viability was 

measured as described in the Materials and Methods. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 

(compared to the Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared to the IL-1β 

group). 

 

 

3.3.6 Effect of ACT and DTG on the production of MMP-2 and MMP-9 in IL-1-

stimulated rat mesangial cells, glomerular endothelial cells, and glomerular podocytes 

Renal fibrosis in renal failure is closely related to abnormal ECM metabolism 115). As the 

renal ECM remodeling has been reported to be regulated by MMPs such as MMPs-2 and -9 105-

106), whether the production of MMP-2 and MMP-9 was controlled by ACT in rat mesangial 

cells, glomerular endothelial cells, and glomerular podocytes. When the mesangial cells were 

treated with IL-1 (described as Mod), the production of MMP-2 and MMP-9 was augmented 

(Figure 3-6A). The increase production of MMP-2 and MMP-9 was suppressed by ACT in a 

dose-dependent manner. In addition, DTG was found to decrease the production of MMPs-2 

DTG/mg·L-1 DTG/mg·L-1 DTG/mg·L-1
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and -9 in rat mesangial cells. Furthermore, the similar suppressive action of ACT and DTG was 

detectable in the IL-1-stimulated glomerular endothelial cells (Figure 3-6B) and glomerular 

podocytes (Figure 3-6C).  

 

3.3.7 Effect of ACT and DTG on the production of CTGF and TGF-β in LPS-stimulated 

rat mesangial cells 

Since CTGF and TGF-1 have been reported to plays an important role in the occurrence 

and development of kidney disease as pro-fibrotic factors, I examined whether ACT and DTG 

regulated the production of CTGF and TGF-1 in rat mesangial cells. As shown in Figure 3-7, 

LPS augmented the production of CTGF and TGF- and the increased protein level of both 

factors was decreased by ACT in a dose-dependent manner. In addition, the similar reduction 

of CTGF and TGF- production was detectable in DTG treatment.  

 

3.3.8 Effect of ACT and DTG on the production of AngⅡ in HG-stimulated rat glomerular 

endothelial cells 

Since AngII has been reported to participate in the occurrence and development of kidney 

disease by affecting vascular functions 119-121), I examined whether ACT and DTG influenced 

the production of AngII in HG-stimulated rat glomerular endothelial cells. As shown in Figure 

3-8, when endothelial cells were cultured under HG condition, the production of AngII was 

increased. The augmented level of AngII was decreased by ACT and DTG, and ACT in a dose-

dependent manner.  
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A 

B 

C 

 

Figure 3-6 Effect of ACT and DTG on MMP-2 and MMP-9 protein expression in IL-1-

stimulated rat mesangial cells, glomerular endothelial cells, and glomerular podocytes 

Rat mesangial cells (A), glomerular endothelial cells (B), and glomerular podocytes (C) were treated for 24 

h with ACT (25, 50, and 100 μmol/L indicating L, M, and H, respectively) and DTG (156 mg/L), and then 

Western blot analysis was performed as described in the Materials and Methods. The detected MMP-2 and 

MMP-9 protein were corrected for that of GAPDH (left panels in A-C), and then the relative amounts of 

MMP-2 (middle panels in A-C) and MMP9 (light panels in A-C), respectively, were shown as mean ± SD. 

#P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 (compared to the Con group); *P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001 (compared to the Mod group). 

DTG DTG DTG

DTG
DTG DTG

DTG DTG DTG



 

 

 

 

82 

 
Figure 3-7 Effect of ACT and DTG on the production of CTGF and TGF-β in LPS-

stimulated rat mesangial cells 

Mesangial cells were treated for 24 h with ACT (25, 50, and 100 μmol/L indicating L, M, and H, respectively) 

and DTG (156mg/L), and then Western blot analysis was performed as described in Figure 3-6. The detected 

CTGF and TGF- protein were corrected for that of GAPDH (left panel), and then the relative amounts of 

CTGF (middle panel) and TGF- (light panel) were shown as mean ± SD. #P < 0.05, ##P < 0.01, ###P < 0.001, 

####P < 0.0001 (compared to the Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared 

to the Mod group). 

 

 
Figure 3-8 Effect of ACT and DTG on the production of AngⅡ in HG-stimulated rat 

glomerular endothelial cells 

Rat glomerular endothelial cells under HG conditions were treated for 24 h with ACT (25, 50, and 100 μmol/L 

indicating L, M, and H, respectively) and DTG (156mg/L), and then Western blot analysis was performed as 

described in Figure 3-6. The detected AngII protein was corrected for that of GAPDH (left panel), and then 

the relative amounts of AngII (light panel) were shown as mean ± SD. #P < 0.05, ##P < 0.01, ###P < 0.001, 

####P < 0.0001 (compared to the Con group); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (compared 

to the Mod group). 
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3.3.9 Effect of ACT and its metabolites on podocytic functions and the production of 

nephrin in HG-stimulated rat glomerular podocytes 

Functional changes in podocytes have been reported to be associated with the occurrence 

of proteinuria related kidney disease. In addition, the changes in the level of nephrin have been 

reported to be associated with the morphology and activity of podocytes70-76). Therefore, 

metabolites of ACT in vivo were analyzed in the CGN model rats in Chapter 1, and the presence 

of DOPE and DOPAC as metabolites was confirmed. Based on this result, whether ACT, DOPE, 

and DOPAC influenced the podocyte functions was examined under HG conditions in vitro. 

When podocytes were cultured under HG conditions, a significant retraction of the podocytic 

process, and a decrease in the number of podocytes, the cell body area, and the expression of 

nephrin were observed (Figure 3-9 A). When the cells were treated with ACT, the production 

of nephrin was augmented by ACT at 50 and 100 μmol/L (P < 0.05), but not 200 μmol/L. 

Furthermore, there was no change in the level of nephrin in DOPE (50, 100, and 200 μmol/L)-

treated podocytes. However, DOPAC at 100 μmol/L was found to increase the production of 

nephrin in HG-stimulated podocytes (P < 0.05), while there was no alteration in DOPAC at 50 

and 200 μmol/L (Figure 3-9 B and C).  
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Figure 3-9 The alteration of cell morphology and regulation of nephrin expression by ACT, 

DOPE, and DOPAC in HG-stimulated glomerular podocytes 

Glomerular podocytes were treated for 24 h with ACT (50, 100, and 200 μmol/L), DOPE (50, 100, and 200 

μmol/L), and DOPAC (50, 100, and 200 μmol/L) in the presence or absence of HG (30 mmol/mL). The 

significant retraction of the podocytic process was shown in panel A. Western blot analysis was performed 

to measure the protein level of nephrin and -actin (panel B) as described in Figure 3-6, and then the relative 

amounts of nephrin against -actin were shown as mean ± SEM (panel C). #P < 0.05, ##P < 0.01, ###P < 0.001 

(compared to NG group); *P < 0.05, **P < 0.01, ***P < 0.001 (compared to HG group). 
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3.4 Discussion 

The glomerulus, a capillary ball within the renal corpuscle, is a critical component 

responsible for blood filtration. The glomerulus with branches of the renal artery purifies blood 

through a filtration membrane created by the capillary wall, which functions as a primary blood 

filter 136). Inflammatory damage to the glomerulus impairs kidney function, leading to various 

manifestations such as edema, hypertension, hematuria, proteinuria, and the accumulation of 

toxins in the body, profoundly impacting human health137). In this Chapter, I demonstrated that 

ACT as well as DTG improved cell viability of rat mesangial cells and glomerular endothelial 

cells and podocytes under inflammatory and HG-exposed conditions. Taken tother with in-vivo 

findings in Chapters 1 and 2, ACT is likely to exhibit the prevention and curing action for renal 

impairment in CGN and DN. 

It has been reported that renal tubulointerstitial fibrosis stands out as a crucial indicator for 

measuring the chronic progression of kidney disease. TGF-β1 has been identified as a key 

fibrogenic factor, capable of inducing the formation and development of renal interstitial 

fibrosis through various pathways. In addition, CTGF has been reported to play a positive role 

in tissue fibrosis processes138-140). As TGF-β is involved in humoral immunity, fibroblast-

derived CTGF induces the production of TGF-β1, which plays a crucial role in promoting cell 

proliferation and the synthesis of ECM components. Furthermore, multiple stimuli have been 

reported to facilitate the excessive secretion of CTGF in renal cells, which in turn promotes cell 

proliferation and ECM deposition following to the occurrence and development of renal fibrosis.  

MMP is a family of zinc- and calcium-dependent proteinase secreted as a zymogen 141-143). 

MMP-2 and MMP-9 are particularly well-studied members of the MMP family in kidney 

diseases. It has been reported that MMP-2 plays a crucial role in various renal damage processes 

including glomerulosclerosis and interstitial fibrosis143-145), and that MMP-2 facilitates the 

transformation of the angiogenic phenotype, while MMP-9 activates angiogenesis for 

endothelial cell neovascularization146). In addition, both MMP-2 and MMP-9 have been shown 

to promote neovascularization by influencing other cells or vascular factors147-151). On the other 

hand, renal fibrosis is caused by the accumulation of interstitial collagen (types I, II, and III), 

glycoproteins (fibronectin and laminin), and proteoglycans145). In addition, MMP-2 and MMP-

9 have been reported to alleviate renal fibrosis by specifically degrading type-IV collagen, a 

major component of the basement membrane, thereby disrupting the tissue barrier152). 

Furthermore, MMP-2 has been reported to proteolytically activating TGF-β, which promotes 
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epithelial-mesenchymal transition153). Moreover, MMP-9 has been reported to be involved in 

the release of vascular endothelial growth factor (VEGF), which may contribute to renal 

physiology and pathology. 

McMillan et al.154) have reported a significant increase in the gene expression and 

production of MMP-9 in glomerular visceral epithelial cells of rats with passive Heymann 

nephritis. As the augmentation of MMP-9 expression seems to be associated with the 

development of proteinuria, it is suggested that the heightened expression of MMP-9 provides 

a crucial role in the degradation of collagen in the glomerular capillary basement membrane, 

resulting in increased permeability and the production of proteinuria in membranous 

nephropathy. Therefore, the overexpression of MMP-2 and MMP-9 may lead to excessive 

degradation of collagen in the glomerular basement membrane, which might be a possible 

pathogenesis for membranous nephropathy. In this Chapter, both ACT and DTG reduced the 

IL-1 augmented production of MMP-2 and MMP-9 in rat glomerular mesangial cells, 

endothelial cells, and podocytes. Thus, these results suggest that ACT and DTG exhibit 

therapeutic actions to kidney disease by improving the MMP2/9-mediated excessive 

degradation of type-IV collagen in glomerular basement membrane. 

The local activation of Renin-Angiotensin System (RAS) is a major characteristic in the 

occurrence and development of various chronic kidney diseases. Angiotensin II (Ang II) plays 

a dominant role in regulating blood volume, hemodynamics, and homeostasis of the internal 

environment in the body155). Previous studies have shown that the locally elevated Ang II level 

in the kidney is closely related to the occurrence and development of renal diseases in 

hypertension and diabetes156-157). Thus, local elevation of Ang II in the kidney may cause not 

only intraglomerular hypertension but also the growth factor and/or cytokine-associated 

glomerular sclerosis. In this Chapter, my findings indicated that ACT and DTG decreased the 

HG-augmented production of Ang II in glomerular endothelial cells. Therefore, it is strongly 

suggested that ACT has the potential to improve intraglomerular hypertension and glomerular 

sclerosis in kidney disease treatments. 

Nephrin is a transmembrane protein in podocytes, of which main role is to maintain the 

structural and functional integrity of podocytes158-159). In this Chapter, I demonstrated for the 

first time that HG stimulation decreased the production of nephrin in glomerular podocytes. In 

addition, ACT (50-200 μmol/L) reversed the level of nephrin in the HG-stimulated podocytes. 

Furthermore, there was no alteration of nephrin production in DOPE (50-200 μmol/L) and 
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DOPAC (50 and 200 μmol/L))-treated ells. Although the reason why DOPAC at only 100 

μmol/L promoted the production of nephrin is unclear at this time, it is possible that not only 

ACT itself but also its metabolite, DOPAC is the active component in the regulation of nephrin 

production in HG-damaged podocytes in vivo. Further experiments are needed to clarify this 

hypothesis. 

 

3.5 Conclusion 

In this Chapter, as molecular mechanisms for the improvement and protective actions of 

ACT on renal function in CGN and DN, I demonstrated that ACT promoted cell viability in rat 

mesangial cells, glomerular endothelial cells, and glomerular podocytes under inflammatory 

and HG conditions. In addition, I found that ACT suppressed the production of MMPs, CTGF, 

TGF-, and AngII, which are closely related to the occurrence of renal dysfunction, in those 

cells in vitro. Furthermore, ACT was found to facilitate the production of nephtrin, which is 

involved in the regulation of podocyte functions. Therefore, these results suggest that ACT is a 

potent therapeutic candidate for the treatment of kidney disease with impaired mesangial cells, 

and glomerular endothelial cells and podocytes.  
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GENERAL DISCUSSION AND CONCLUSION 

 

Since DTG Capsule have therapeutically shown the improvement and protective activity 

with high safety for kidney functions by reducing urinary protein160), chronic nephritis7) and 

DN8), the main active ingredient of DTG Capsule is not well understood, which seriously affects 

the clinical usage and global promotion. It is worth mentioning that ACT is the most abundant 

component in DTG, containing about 35%, and in DTG capsules about 12%. It has been 

reported that ACT possesses various pharmacological activities such as kidney protection, anti-

oxidation, neuroprotection, liver protection, and anti-tumorigenesis. Dai et al.161) have reported 

that 27 endogenous metabolites are detected in serum and urine from DTG-treated DN rats, and 

that DTG influences the production of TGF-β1 in renal tissues and mesangial cells. Similarly, 

ACT has been reported to exist as metabolites in diabetic renal injury model after DTG 

administration10). In the present study, metabolites of ACT were identified in serum, urine, and 

feces in CGN rats and DN mice. In addition, the administration of ACT relieved symptoms of 

both renal insufficiencies. Furthermore, Gan et al.162) found that utilizing human peripheral 

blood lymphoid Th22 cells revealed that ACT exhibited the inhibition of the cell proliferation 

and differentiation, antigen presentation, inflammatory factor secretion, and the induction of 

the differentiation of lymphocytes to Th22 cells in kidneys, suggesting that ACT participates in 

the control of immune system. Therefore, ACT is likely to be the main active ingredient of DTG 

to elicit therapeutically the multiple actions for kidney disease such as CGN and DN. 

Diabetes mellitus (DM) is a chronic disease characterized by hyperglycemia and abnormal 

metabolism of not only carbohydrates but also lipids and amino acids64). The most common 

complication of DM is DN, which is the final stage of the disease state characterized by 

histological and functional destruction of the glomerulus65-66). In the present metabonomic 

study using DN mice, ACT showed a significant alleviation of disease progression and an 

improvement in renal pathological tissue damages. Noteworthy, ACT significantly improved 

the levels of citrulline and tryptophan, which are the landmark amino acids in the early stage of 

DN. In addition, the metabolism of serine and asparagine was related to restore the renal 

functions in DN treated with ACT. Furthermore, ACT displayed a clear protective effect on 

glomerular podocytes damaged by high glucose. Thus, these results suggested that ACT is 

therapeutically applicable for the early stage of DN due to not only the improvement of 
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abnormal amino acid metabolism but also the protection of glomerular podocytes.  

Computer biology methods such as network pharmacology and molecular docking are 

useful in predicting drug targets and mechanisms of actions80). This study using a network 

pharmacology analysis indicated that a total of 293 targets for ACT and 1748 targets for DN 

were extracted, with 122 targets overlapping between them, and in the network pharmacology 

research of ACT on CGN, there also a total of 293 targets for ACT were extracted and 975 

targets for CGN were obtained, there were 84 targets of intersection. In addition, the 

"component-target-pathway" network revealed that targets in signaling transduction pathways 

such as AKT2, AKT1, MAPK1, HRAS, MAPK10, EGFR, MAPK8, MAPK14, IGF1R, and 

SRC were associated with the pharmacological actions of ACT in DN and CGN. Although the 

causes and symptoms are not necessarily identical in CGN and DN163-165), the inflammatory 

response is seemed to be common in both diseases166). Such predicted signaling factors have 

been reported to be involved in various inflammatory responses to dysregulation of renal 

integrity and be therapeutic targets for drugs43,167). Taken together with my preliminary 

experiment of molecular docking that ACT interacted with MAPK1, HRAS, AKT1, and EGFR 

(Schema 1), it is suggested that ACT exerts the improvement and protective effects on renal 

dysfunction through binding to predicted-candidate-signaling molecules in DN and CGN. 

 

 

Schema 1 Screening of ACT-GN targets by molecular docking 

Molecular docking studies of ACT with MAPK1 (F), HRAS (G), AKT1 (H), and EGFR (I) proteins. 

Molecules were depicted by a stick model, the hydrogen bonds were depicted by a dotted line, and the 

distance was shown in angstroms. 

 

D: EGFRB: HRASA: MAPK1 C: AKT1
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The glomerulus is a critical component responsible for blood filtration. The glomeruli 

formed by the branches of the renal arteries purify the blood through a filtration membrane 

created by the capillary walls, and then serve as the primary blood filte168-169). Inflammatory 

damage to the glomerulus impairs kidney function, leading to various manifestations such as 

edema, hypertension, hematuria, and proteinuria, under which toxins are accumulated in the 

body to profoundly influence human health170). In this study, ACT had a significant protective 

effect on rat mesangial cells, glomerular endothelial cells, and podocytes under inflammation 

and HG damage conditions in vitro. In addition, such actions of ACT on those glomerular cells 

were more effective than that of DTG. A previous study by Ding et al. 28) has shown that ACT 

effectively reduces proteinuria and the expression of podocyte injury markers such as nephrin 

and synaptopodin, leading to the alleviation of podocyte injury in puromycin rat nephropathy 

model. In addition, Ding et al.28) have reported that ACT restores podocyte viability, reduces 

abnormal migration ability, protects podocyte cytoskeleton, and reinstates the expression of 

nephrin protein in puromycin-induced podocyte injury models in vitro. My experiments used a 

HG induced rat primary podocyte injury model to explore the role and mechanism of ACT, 

which was consistent with the results by Ding et al.28). The therapeutic and protective effects 

of ACT were validated through different podocyte injury models. Therefore, the restoration of 

function of impaired podocytes by ACT may be a useful pharmacological effect in the treatment 

of renal failure. Taken together with the fact that similar actions were detectable in mesangial 

cells and glomerular endothelial cells, it is suggested that ACT is a more effective glomerular 

function-improving agent than DTG in the treatment of renal failure. 

Patients with renal dysfunction including hemodialysis are well known to be itching due 

to dry skin, under which scratching behavior is repeated, resulting in poor skin regeneration 

(wound healing) 171). Skin itching is one of the common clinical complications in maintenance 

hemodialysis (MHD) patients with an incidence rate of approximately 60 to 90%172). Currently, 

the pathogenesis of skin itching in MHD patients is not well understood, peripheral neuropathy, 

the cutaneous accumulation of uremic toxins, and secondary hyperparathyroidism are 

considered as candidate pathogenicity factors173). A previous study by Pessemier B.D. et al.174) 

have shown that IL-33 released by damaged skin epithelial cells activates the expression of ST2 

in skin dendritic cells. In addition, the activated dendritic cells migrate to intestinal lymph nodes, 
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where CD+4 T cells differentiate into CD+4 Th2 cells to produce an immune response175), 

suggesting the interaction between the skin and intestine through the "gut skin axis". 

Furthermore, it has been reported that tryptophan produced by gut microbiota is involved in 

skin itching, while lactic acid bacteria and bifidobacteria produce γ-aminobutyric acid, which 

in turn suppresses skin itching176). In this study, ACT improved immune response and amino 

acid metabolism in CGN and DN in vivo and in vitro. In addition, ACT suppressed the 

production of MMPs, which participate in the degradation of renal ECM in kidney diseases105-

106), in three glomerular derived cells. Given that ECM remodeling is requisite for wound 

healing177), it is presumed that ACT and its metabolites, which are systemically present in CGN 

and DN, exert their effects on the dysregulation of wound healing due to skin dryness. In this 

regard, my previous report has shown that ACT and its derivatives, CA and DOPE, promote the 

production of MMP-2 and MMP-9, whereas MOPE and HVA do not affect both production 178). 

Although it needs to study whether ACT and its derivatives, as well as DTG, might be 

transferred to skin tissues needs to be investigated, they have potential as a novel useful topical 

agent for improving wound healing. 

In conclusion, the present study demonstrated that ACT improved the symptoms of 

nephritis by the inhibition of inflammatory responses, the regulation of immune function, and 

the improvement of tissue hemodynamics and hemorheology in CGN rats. In addition, ACT 

exhibited similar protective activities due to the reduction of not only histopathological but also 

functional damage to the kidney in DN. Furthermore, the network pharmacology analysis 

suggests that the actions of ACT are associated with the regulation of signal transduction, the 

metabolism of carbohydrate, lipid, and amino acid, and mainly the endocrine and immune 

systems. Moreover, as molecular mechanisms for the improvement and protective actions of 

ACT to renal functions in CGN and DN, ACT is likely to re-activate the viability of glomerular 

component cells and suppress the expression of nephritis-inducing factors related closely to the 

occurrence of renal dysfunction (Schema 2). Thus, these results strongly suggest that ACT is a 

crucial active component in DTG for the treatment of kidney disease. Given that ATC 

metabolites existed in the blood and kidneys, ACT is likely to not only improve systemically 
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metabolic regulation, but also restore glomerular component cell functions in renal failure 

patients. Thus, this study is believed to contribute to the development of new therapeutic and 

preventive agents for kidney disease. 

 

 

 

Schema 2 Mechanisms of the therapeutic actions of ACT against nephropathy 
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