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Abstract

BACKGROUND

Jianpi Gushen Huayu Decoction (JPGS) has been used to clinically treat diabetic
nephropathy (DN) for many years. However, the protective mechanism of JPGS in
treating DN remains unclear.

AIM
To evaluate the therapeutic effects and the possible mechanism of JPGS on DN.

METHODS

We first evaluated the therapeutic potential of JPGS on a DN mouse model. We
then investigated the effect of JPGS on the renal metabolite levels of DN mice
using non-targeted metabolomics. Furthermore, we examined the effects of JPGS
on c-Jun N-terminal kinase (JNK)/P38-mediated apoptosis and the inflammatory
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responses mediated by toll-like receptor 4 (TLR4)/nuclear factor-kappa B (NF-xB)/NOD-like receptor family pyrin
domain containing 3 (NLRP3).

RESULTS

The ameliorative effects of JPGS on DN mice included the alleviation of renal injury and the control of inflam-
mation and oxidative stress. Untargeted metabolomic analysis revealed that JPGS altered the metabolites of the
kidneys in DN mice. A total of 51 differential metabolites were screened. Pathway analysis results indicated that
nine pathways significantly changed between the control and model groups, while six pathways significantly
altered between the model and JPGS groups. Pathways related to cysteine and methionine metabolism; alanine,
tryptophan metabolism; aspartate and glutamate metabolism; and riboflavin metabolism were identified as the key
pathways through which JPGS affects DN. Further experimental validation showed that JPGS treatment reduced
the expression of TLR4/NF-xB/NLRP3 pathways and JNK/P38 pathway-mediated apoptosis related factors.

CONCLUSION

JPGS could markedly treat mice with streptozotocin (STZ)-induced DN, which is possibly related to the regulation
of several metabolic pathways found in kidneys. Furthermore, JPGS could improve kidney inflammatory responses
and ameliorate kidney injuries in DN mice via the TLR4/NF-xB/NLRP3 pathway and inhibit JNK/P38 pathway-
mediated apoptosis in DN mice.

Key Words: Diabetic nephropathy; Jianpi Gushen Huayu Decoction; Oxidative stress; Inflammation; Untargeted metabolomics;
Toll-like receptor 4/nuclear factor-kappa B/NOD-like receptor family pyrin domain containing 3 pathway; c-Jun N-terminal
kinase/P38-mediated apoptosis

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Traditional Chinese medicine (TCM) has been demonstrated to possess beneficial effects on diabetes and its
complications. Elucidating upon these mechanisms can contribute to the modernization of TCM. The dysfunction of
metabolism is closely related to the progression of diabetes and diabetic complications. Using untargeted metabolomics can
be useful in studying the metabolic regulatory mechanisms of TCM. The current study used untargeted metabolomics to
evaluate the differential metabolites in a diabetic nephropathy (DN) mouse model after Jianpi Gushen Huayu Decoction
(JPGS) treatment. Moreover, we deeply analyzed the results from metabolomics and tested the potential pathways related to
the differential metabolites. Our results revealed that JPGS could markedly treat mice with streptozotocin (STZ)-induced
DN. The metabolomics results exhibited that the efficacy of JPGS is possibly related to cysteine and methionine metabolism;
alanine, aspartate, and glutamate metabolism; tryptophan metabolism; and riboflavin metabolism.
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INTRODUCTION

As a frequent complication of type 2 diabetes mellitus (T2DM), diabetic nephropathy (DN) is insidious and highly
prevalent. In the early stages, DN progresses slowly and is reversible; however, in later stages it progresses rapidly and
confers an unfavorable prognosis[1]. Conventional treatments of DN include controlling blood glucose levels, reducing
blood pressure, and improving microcirculation[2]. The above treatments using Western drugs (e.g., antihypertensives)
can prevent DN to a certain extent, however, they exert negligible effects on patients with advanced DN[3]. Therefore,
developing safe and reliable agents to cut off or delay the progression of DN has become a well-explored area of research.
Traditional Chinese medicine (TCM) is markedly efficacious in improving the clinical symptoms of DM and delaying
its progression[4]. A study speculated that quercetin may be used to treat T2DM by targeting the transduction of
mitogen-activated protein kinase (MAPK) pathways[5], and that crocin may be used to treat DM by inducing insulin
sensitivity, improving insulin signal transduction, and preventing pancreatic p cell failure[6]. Huanglian Jiedu Decoction
may be used to treat T2DM and its complications by synergistically regulating and participating in multiple biological
processes (e.g., signal transduction, inflammatory responses, and apoptotic and vascular processes) and pathways|[7].
Metabolomics is commonly used in understanding both the interactions between metabolites and pathological
conditions and the changes to metabolic profiles during drug interventions[8]. A study wherein the early DN rat sera
were quantitatively measured by metabolomics suggested that guanosine, oleic acid, and glutamate may be potential
biomarkers of kidney injury[9]. Furthermore, Scutellaria baicalensis and Coptis chinensis regulated the contents of
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trihydroxytrimethyloxindole, leukotrienes, leucylproline, and estradiol in the feces of T2DM rats and primarily interfered
with the metabolism of sphingolipids and fatty acids[10-12]. Regulating metabolism to ameliorate DN has recently
become a well-explored research area[13]. In another study, metabolomic analysis revealed that the lipid metabolites
were improved in the sera of DM mice treated with Rehmannia glutinosa and Coptis chinensis as compared to that of model
mice[14]. Moreover, when the kidney tissue samples of rats were analyzed by metabolomics, orally administered astra-
galoside IV could protect the kidneys by improving region-specific metabolic disorders[15].

Jianpi Gushen Huayu Decoction (JPGS) - consisting of Astragalus membranaceus, Panax ginseng, Comus officinalis,
Dioscorea opposita, Gordon Euryale seeds, Rosa laevigata, Atractylodes macrocephala, Angelica sinensis, Salvia miltiorrhiza,
Rhizoma Chuanxiong, Whitmania pigra Whitman, and Rhei Radix et Rhizoma is clinically highly efficacious on DN[16];
nevertheless, its reno-protective mechanism of action on DN remains uninvestigated. In this study, we investigated the
therapeutic effect of JPGS in a DN mouse model. We then examined the effect of JPGS on the levels of renal endogenous
metabolites by using non-targeted metabolomics. Furthermore, we examined the effects of JPGS on c-Jun N-terminal
kinase (JNK)/P38-mediated apoptosis and inflammatory responses as mediated by the toll-like receptor 4 (TLR4)/nuclear
factor-kappa B (NF-«B)/NOD-like receptor family pyrin domain containing 3 (NLRP3).

MATERIALS AND METHODS

Animals and materials

Sixty healthy male C57BL/6 mice (with an average body weight of 21 + 1 g) were obtained from Beijing Huafukang Co.,
Ltd. Each cage which was maintained at a room temperature of 20-23 °C and at relative humidity levels of 50%-60% -
housed five mice which were entrained to a 12 h/12 h light-dark cycle. The mice had free access to food and water. The
animal study was reviewed and approved by Ethics Committee of Hebei University of Chinese Medicine (Approval No.
CZX2021-KY-026). Details of the materials and reagents employed in this study were shown in Supplementary material.

Preparation of JPGS

In accordance with the JPGS prescription, the following quantities of single extract of Chinese traditional medicinal crops
were weighed: 7 g of Astragalus membranaceus, 2.1 g of Panax ginseng, 4.4 g of Comus officinalis, 1.8 g of Dioscorea opposita,
0.7 g of Gordon Euryale seeds, 2.4 g of Rosa laevigata, 4.1 g of Atractylodes macrocephala, 3.5 g of Angelica sinensis, 2.6 g of
Salvia miltiorrhiza, 1.8 g of Rhizoma Chuanxiong, 0.4 g of Whitmania pigra Whitman, and 1.2 g of Rhei Radix et Rhizoma. The
TCM prescription dispensing machine (ARTEMIS-M540, EFong Pharmaceutical, Guangdong, China) was used to
combine the above extracts into a single bag for further use. Subsequently, the mixed extracts were dissolved with water,
and the concentration was controlled to 5.3 g/mL. The mixture was stored at 4 °C. Ultra performance liquid chromato-
graphy coupled with mass spectrometer was conducted as the quality control of JPGS, as detailed in the Supplementary
material. Total ion chromatogram and chromatography of JPGS were shown in Supplementary Figure 1 and Supple-
mentary Table 1.

Animal experiments

All mice underwent one-week adaptive feeding before receiving a high-sugar and high-fat diet (HFD) containing 34%
sucrose, 21% fat, 0.15% cholesterol, and 44.85% conventional treats for eight weeks. After eight weeks of HFD feeding, the
mice were modeled as follows: All mice underwent fasting for 12 h with unrestricted access to water and were then
intraperitoneally treated with 30 mg/kg streptozotocin (STZ), except for the mice in the control group, which were
intraperitoneally administrated with an equal volume of the vehicle. Seventy-two hours following STZ administration,
blood from the tail vein was collected from the mice to perform fasting blood glucose (FBG) tests, and mice with a FBG 2
12.0 mmol/L were confirmed as having T2DM. The mice were then fed with HFD continuously and tested weekly for 24
h urine total protein (24 h-UTP). Successful DN modeling was identified based on the criteria of a FBG > 12.0 mmol/L
and a 24 h-UTP =20 mg.

After modeling; the mice were divided into the model, irbesartan (IRBE), low-dose JPGS (JPGSL), medium-dose JPGS
(JPGSM), and high-dose JPGS (JPGSH) groups according to the random number table, with ten mice assigned to each
group. The mice, in the control and model groups received 0.2 mL of normal saline; in the IRBE group received 30 mg/
kg/d IRBE; and in the JPGSL, JPGSM, and JPGSH groups received 2.4, 4.8, and 9.6 g/kg/d, via gavages, respectively. The
duration of administration in each group was four consecutive weeks, and FBG levels and body weight were measured
weekly. After four weeks of JPGS treatment, 24 h urinary samples of the mice in each group were collected in metabolic
cages. In addition, blood samples were collected via the inner canthus. After the mice were euthanized, the abdominal
cavity was opened; the left kidneys were collected and immobilized in a 4% paraformaldehyde solution, whereas the
right kidneys were cryopreserved.

Measurement of kidney function, oxidative stress, and inflammation-related parameters

The collected 24 h urinary samples were centrifuged (4000 x g, 10 min) to obtain the supernatant. 24 h-UTP was measured
according to the kit instructions. Blood samples were centrifuged (400 x g, 15 min) to prepare serum, while the creatinine
(Cr) and blood urea nitrogen (BUN) levels in sera were measured according to the kit instructions. Frozen kidney tissue
samples and normal saline were mixed at a 1:9 ratio, the resulting mixture was homogenized and centrifuged (400 x g, 15
min), and the supernatant was prepared for the kidney tissue homogenate. The activities of superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and the level of malondialdehyde (MDA) in the kidney tissue homogenates were
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measured according to the kit instructions; the levels of interleukin (IL)-6, IL-1B, and tumor necrosis factor alpha (TNF-a)
in the kidney tissue homogenates in each group were detected by enzyme-linked immunosorbent assay. Meanwhile, total
protein concentrations in kidney tissue homogenates were tested to homogenize the samples.

Hematoxylin and eosin, periodic acid Schiff, and TUNEL staining

Kidneys immobilized in a 4% paraformaldehyde solution were dehydrated, embedded in paraffin, and sliced into 4 pm-
thick sections, which sequentially underwent hematoxylin and eosin (HE), periodic acid Schiff (PAS), and TUNEL
staining. The dehydrated and mounted sections were then microscopically observed. Quantification of HE staining was
conducted according to the severity of tubular dilatation, brush border loss, tubular necrosis, and cast formation as
established in a previous study[17]. Moreover, the glomerulosclerosis index was used to assess the severity of glomerulo-
sclerosis in PAS staining[18]. Apoptosis was observed using TUNEL staining, and TUNEL staining-positive regions were
measured by Image J (version 1.52a, NIH, Bethesda, MD, United States).

Non-targeted metabolomics analysis

A total of 100 mg of frozen kidney tissue was finely ground in liquid nitrogen, placed into a 1.5 mL tube with 500 pL of
80% methanol; the tube was then vortexed, oscillated, and cooled. Further, the mixture was centrifuged (15000 x g, 20
min). The supernatant was obtained and diluted with ultrapure water to a volume containing 53% methanol, which was
centrifuged at 15000 x g at 4 °C for 20 min to remove the supernatant. An aliquot (20 pL) of each sample was obtained; all
the aliquots were subsequently mixed well. The resulting mixture was taken as the quality control sample. See Supple-
mentary material for details of liquid chromatography-mass spectrometry conditions, gradient elution program (Supp-
lementary Table 2) and data acquisition, processing, and steps taken in conducting the analysis.

Western blotting

Approximately 30 mg of frozen kidney tissue was weighed so as to extract the total protein available. The concentrations
of the protein samples were then investigated, and a loading buffer was mixed with protein samples, which underwent
denaturation via incubation at 97 °C for 5 min. The protein samples were separated using sodium-dodecyl sulfate gel
electrophoresis and transferred onto a 0.22 pm polyvinylidene fluoride membrane using the wet transfer method. After 2
h blocking in 5% skim milk, TLR4, P65, phosphorylated P65 (p-P65), NLRP3, cleaved-caspase-1, caspase-1, protein
apoptosis-associated speck-like protein containing a CARD (ASC), IL-1p, IL-18, phosphorylated JNK (p-JNK), JNK,
phosphorylated p38 (p-P38), P38, caspase-3, caspase-9, and B-actin were added respectively for the primary antibody
incubation at 4 °C overnight. Further, the membranes were washed and the corresponding secondary antibodies, diluted
at a volume ratio of 1:4000, were added and incubated for 2 h at room temperature. The membranes were then washed
thrice. After adding an enhanced chemiluminescence developer for a complete reaction; the membranes were exposed to
a stand-alone gel imaging system so as to reveal the protein bands. Image] software was utilized to measure the grey
values of various bands and to quantify the relative expression of the proteins.

Reverse transcription-quantitative polymerase chain reaction

Total RNA was extracted from the kidney tissue using Trizol reagent, followed by reverse transcription into cDNA using
a kit. Gene expression was analyzed using a reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
detection system and a SuperReal PreMix Plus kit. At the messenger ribonucleic acid (mRNA) level, the expression
quantity of target genes relative to the housekeeping gene Actb was calculated via the 24" method. Primer sequences
were shown in Supplementary Table 3.

Statistical methods

SPSS Statistics 20.0 was used for data analysis. All data were presented as mean + SD. A one-way analysis of variance was
conducted for multi-group comparisons and Tukey’s honest significance difference test was used for post-hoc analysis,
while the inter-group pairwise comparisons were conducted using a two-tailed Student’s ¢-test. Analysis results with a P
value < 0.05 were considered statistically significant.

RESULTS

Ameliorative effects of JPGS in a DN mouse model

During the four-week treatment period, alterations in the body weight and FBG levels were dynamically recorded on a
weekly basis. After JPGS administration, body weight decreased significantly, and the FBG levels increased remarkably
in DN mice compared to that of the normal mice. The mice’s body weight increased and the FBG levels decreased
notablyin the IRBE, JPGSL, JPGSM, and JPGSH groups in comparison with that of the mice in the model group
(Figure 1A and B). The kidney function test results revealed that the Cr and BUN levels and 24 h-UTP increased consid-
erably in the mouse sera in the model group than that those of the control group. Furthermore, the Cr level markedly
reduced in the IRBE, JPGSL, JPGSM, and JPGSH groups. The BUN level and 24 h-UTP decreased notably in the IRBE and
JPGSH groups when compared to that of the model group (Figure 1C-E). The HE and PAS staining results showed that
severe pathological changes (e.g., glomerular hypertrophy, hyperplasia of mesangial matrix, and thickened glomerular

basement membrane) occurred in the kidneys in the model group and could be improved by IRBE and JPGS (Figure 2A-
D).
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Figure 1 Jianpi Gushen Huayu Decoction administration improved body weight loss, hyperglycemia, and kidney injury in diabetic
nephropathy mice. A: Curves of body weight changes; B: Curves of fasting blood glucose changes; C: Creatinine levels; D: Blood urea nitrogen level; E: 24 h
urine total protein levels. Control, model, irbesartan, low-dose Jianpi Gushen Huayu Decoction (JPGSL), medium-dose JPGS, and high-dose JPGS groups, n = 10
per group. °P < 0.01 as compared to the control group; °P < 0.05 as compared to the model group; P < 0.01 as compared to the model group. JPGS: Jianpi Gushen
Huayu Decoction; FBG: Fasting blood glucose; Cr: Creatinine; BUN: Blood urea nitrogen; 24h-UTP: 24 h urine total protein; JPGSL: Low-dose Jianpi Gushen Huayu
Decoction; JPGSM: Medium-dose Jianpi Gushen Huayu Decoction; JPGSH: High-dose Jianpi Gushen Huayu Decoction; IRBE: Irbesartan.

Changes in oxidative stress and inflammatory factor levels in DN mice following JPGS treatment
The activities of anti-oxidative enzymes (SOD, GSH-Px) decreased substantially, whereas the MDA level (a product of
lipid peroxidation) notably increased in the model group in comparison to the control group, suggesting that oxidative
stress was exacerbated in the kidney tissue of DN mice. The SOD and GSH-Px levels were markedly elevated and the
MDA level decreased dramatically in IRBE, JPGSL, JPGSM, and JPGSH groups when compared to that of the model
group, indicating that JPGS could notably alleviate oxidative stress in DN mice (Figure 3A-C).

The IL-6, IL-1p, and TNEF-a levels increased significantly in the model group compared to those of the control group
and decreased noticeably in the IRBE, JPGSL, JPGSM, and JPGSH groups when compared to those of the model group,
demonstrating that JPGS can notably reduce the inflammatory levels observed in the kidneys of DN mice (Figure 3D-F).

Effects of JPGS on metabolites in kidney tissues of DN mice

When examining the effects of JPGS on treating DN and improving oxidative stress, JPGSH had the highest improvement
effect in DN mice. Therefore; control, model, and JPGSH groups were selected in this study to conduct metabolomics
analyses. The principal component analysis results showed that the distributed clusters were markedly separated,
signaling that the DN mice in the model group were successfully modeled, and that JPGS could considerably improve
DN-associated kidney metabolite abnormalities in DN mice (Figure 4A). A predictive model was established by the
partial least squares discriminant analysis (PLS-DA) and validated to further define inter-group differences. Based on a
PLS-DA prediction model, we observed significant separation of the control and model groups, as well as the model and
JPGSH groups, on the PLS-DA score maps with R2Y values in both cases being greater than 0.9, and Q2 values being less
than zero. This indicates that the model did not overfit and that the results carried a high degree of explanatory power
(Figure 4B-E).

An ionic variable importance in projection score > 1, P < 0.05, and a fold change > 2 or < 0.5 were the screening criteria
for differential metabolites. A total of 51 differential metabolites were screened out from the control, model, and JPGSH
groups (Table 1). The screened differential metabolites were introduced into MetaboAnalyst for metabolic pathway
analysis. A total of four metabolic pathways: (1) Cysteine and methionine metabolism; (2) Alanine, aspartate and
glutamate metabolism; (3) Tryptophan metabolism; and (4) Riboflavin metabolism were enriched as the common
pathways (Figure 4F and G).

Changes in the TLR4/NF-kB/NLRP3 pathway in the kidney tissue of DN mice following JPGS treatment

Recent studies suggested that the tryptophan metabolite N-acetylserotonin (NAS) could inhibit inflammatory responses
via the TLR4/NF-xB/NLRP3 pathway[19]. Our findings revealed that JPGS could reduce the NAS level in kidney tissue.
As such, we evaluated the effect of JPGS on the TLR4/NF-xB/NLRP3 pathway. Specifically, we measured the levels of
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Figure 2 Pathological changes in kidneys were improved following Jianpi Gushen Huayu Decoction administration. A: Hematoxylin and eosin
staining; B: Kidney damage score; C: Periodic acid Schiff staining; D: Glomerulosclerosis index, magnification x 100. °P < 0.01 as compared to the control group; °P <
0.05 as compared to the model group; 9P < 0.01 as compared to the model group. JPGSL: Low-dose Jianpi Gushen Huayu Decoction; JPGSM: Medium-dose Jianpi
Gushen Huayu Decoction; JPGSH: High-dose Jianpi Gushen Huayu Decoction; IRBE: Irbesartan.

the critical proteins (i.e., TLR4, p-P65/P65, NLRP3, ASC, cleaved caspase-1, mature IL-1f, and IL-18) in the TLR4/NF-xB/
NLRP3 pathway using western blotting. The results signified that the expression levels of these critical proteins were
notably elevated in the mouse kidneys in the model group compared to that of the control group, and decreased notably
after treatment with JPGSH (Figure 5A-H).

Additionally, we measured the expression levels of Nirp3, Asc, caspl, IL1b, and 1118 in the TLR4/NF-xB/NLRP3
pathway using quantitative RT-qPCR, with the results indicating that, at the mRNA level, the expression levels of Nlrp3,
Asc, caspl, IL1b, and 118 increased notably in the mouse kidneys of the model group when compared to those of the
control group and decreased significantly after treatment with JPGSH (Figure 51-M).

Effect of JPGS on JNK/P38-mediated apoptosis in DN mice

A previous study has indicated that 5-hydroxyindole-3-acetic acid (5-HIAA), a tryptophan metabolite, could promote cell
apoptosis via the JNK/P38 pathway[20]. The metabolomics results revealed that JPGS could reduce the 5-HIAA level.
Therefore, we examined whether JPGS could affect JNK/P38 pathway-mediated apoptosis. Specifically, we observed the
effect of JPGSH on apoptosis in DN mice using TUNEL staining; the results indicated that a massive amount of green
fluorescence could be found in the kidney tissue of DN model mice, and positive fluorescence was markedly diminished
in the kidney tissue of DN mice following JPGSH administration (Figure 6A and B).

Furthermore, we tested the levels of J]NK phosphorylation, P38 phosphorylation, cleaved caspase-3, and cleaved
caspase-9 in the JNK/P38 pathway; the results indicated that the degrees of p-JNK/JNK, p-P38/P38, cleaved caspase-3,
and cleaved caspase-9 increased remarkably in the mouse kidneys of the model group when compared to those of normal
mice and decreased dramatically after treatment with JPGSH (Figure 6C-G).
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Figure 3 Jianpi Gushen Huayu Decoction reduced oxidative stress and inflammation in kidneys. A: The activities of superoxide dismutase; B: The
activities of glutathione peroxidase; C: Malondialdehyde level; D: Interleukin (IL)-6 levels; E: IL-1B levels; F: Tumor necrosis factor-a. levels. °P < 0.01 as compared to
the control group; °P < 0.05 as compared to the model group; “P < 0.01 as compared to the model group. JPGSL: Low-dose Jianpi Gushen Huayu Decoction;
JPGSM: Medium-dose Jianpi Gushen Huayu Decoction; JPGSH: High-dose Jianpi Gushen Huayu Decoction; IRBE: Irbesartan; SOD: Superoxide dismutase; GSH-
Px: Glutathione peroxidase; MDA: Malondialdehyde; IL-6: Interleukin 6; IL-1p: Interleukin 1 beta; TNF-a: Tumor necrosis factor alpha.

DISCUSSION

JPGS, whose mechanism of action remains unknown, is commonly employed to treat DN in clinical practice[16]. In this
study, we analyzed the effect of JPGS on the metabolism of DN mice and investigated the therapeutic effect of JPGS on
DN and its underlying mechanism of action by using non-targeted metabolomics. The classic model mice with DN, as
induced by HFD combined with STZ, could exhibit similar symptoms to those observed in patients with DN[21]. In this
model, the mice were fed a high-sugar diet to induce insulin resistance and were injected with STZ to induce pancreatic
cell necrosis to trigger the loss of the insulin secretion function. As a result, persistent hyperglycemia led to kidney
tubular atrophy, necrosis, and nephrotoxicity resulting in impaired kidney function and organic injury[22]. 24 h-UTP,
which is the most sensitive parameter to assess early DN, is indicative of glomerular filtration impairment[23]. Cr and
BUN levels, which are the major parameters used to assess kidney function, are generally utilized to estimate the
glomerular filtration rate and an increase in the Cr and BUN levels in the serum signifies kidney dysfunction[24,25]. In
this study, severe pathological changes (e.g., glomerular and kidney tubular epithelial cell hypertrophy and thickened
basement membrane), corresponding to the above symptoms occurred in the kidneys of DN mice and were effectively
improved by JPGS. Moreover, IRBE is frequently employed to treat DN in clinical practice which was taken as the
positive control in this study[26]. The findings revealed that JPGSH and IRBE were not significantly different in terms of
efficacy. This suggested that JPGS could markedly treat DN; however, unveiling its mechanism of action which remains
unknown requires further investigation.

Oxidative stress and inflammatory responses contribute considerably to the occurrence and progression of DN.
Oxidative stress can induce inflammatory responses which, in turn, can exacerbate oxidative stress, while inflammation
and oxidative stress can lead to alterations in kidney structure and function via multiple pathways[27]. In this study, JPGS
exerted antioxidant and anti-inflammatory effects by helping to produce SOD and GSH-Px and reducing the MDA and
proinflammatory cytokine contents. The exacerbation of oxidative stress is associated with an increase in the reactive
oxygen species level, which correlates with endothelial dysfunction, changes in the extracellular matrix protein level, and
an increase in kidney sodium reabsorption levels[28-30]. Exacerbated oxidative stress in DM patients could contribute to
the occurrence of DN and cause DN to progress to end-stage kidney disease[31]. SOD and GSH-Px, which are major
antioxidant enzymes, play a crucial role in maintaining the oxidant/antioxidant balance, whereas MDA is the lipid
peroxidation end product in the body and its content is indicative of the degree of cellular oxidative injury[32]. IL-6, IL-
1B, and TNF-a, which are common inflammatory factors, play a vital role in inflammatory responses in the body[33].
Persistent hyperglycemia led to continuously elevated expression levels of inflammatory factors, resulting in exacerbated
inflammatory responses[34].

The above studies on the efficacy of JPGS proved that it can effectively treat DN and that JPGSH had the greatest effect
on improving DN. Thus, we selected the control, model, and JPGSH groups to investigate potential therapeutic pathways
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Figure 4 Jianpi Gushen Huayu Decoction treatment alters the metabolites in kidneys. A: Score plots of PCA among control, model, and high-dose
Jianpi Gushen Huayu Decoction (JPGSH) groups; B and C: Score plots and permutation tests of partial least squares discriminant analysis (PLS-DA) between the
control and model groups; D and E: Score plots and permutation tests of PLS-DA between the model and JPGSH groups; F: Results of the pathway analysis between
the control and model groups; G: Results of the pathway analysis between the model and JPGSH groups. Common pathways are marked in red. The names of the
pathways are represented by “a” to “k”: a: Alanine, aspartate and glutamate metabolism; b: Arachidonic acid metabolism; c: Butanoate metabolism; d: Cysteine and
methionine metabolism; e: Glycerophospholipid metabolism; f: Histidine metabolism; g: Riboflavin metabolism; h: Steroid hormone biosynthesis; i: Synthesis and
degradation of ketone bodies; j: Tryptophan metabolism; k: Tyrosine metabolism. n = 6 per group. JPGSH: High-dose Jianpi Gushen Huayu Decoction.

by conducting metabolomics analyses. The results revealed that alanine, aspartate, and glutamate metabolism; cysteine
and methionine metabolism; riboflavin metabolism; and tryptophan metabolism were the common metabolic pathways,
signaling that the above pathways potentially functioned for treating DN.

The findings thus revealed that JPGS could regulate glucose metabolism and alanine, aspartate, and glutamate levels,
which may be the underlying mechanism of ameliorating DN. Alanine, aspartate, and glutamate which are non-essential
amino acids in humans, play a pivotal role in glycolysis and the tricarboxylic acid cycle; furthermore, their metabolism
correlates closely with the progression of DM[35,36]. A study has suggested that alanine, aspartate, and glutamate levels
in the sera of patients with DM as complicated by obesity were elevated and that glucose metabolism disorders induced
by alanine, aspartate, and glutamate metabolism disorders potentially facilitated the progression of DM[37]. Alanine, a
non-essential amino acid synthesized from pyruvate and branched chain amino acids, can increase glucose-dependent
insulin secretion by inducing membrane depolarization during its co-transport with sodium ions[38]. Glutamate, syn-
thesized from a-ketoglutaric acid produced by the deamination of glutamate under the action of glutaminase, can be
oxidized to produce energy for the citric acid cycle independently of glucose[39] and to produce adenosine triphosphate
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Figure 5 Jianpi Gushen Huayu Decoction moderated the toll-like receptor 4/nuclear factor-kappa B/NOD-like receptor family pyrin domain
containing 3 pathway and ameliorated inflammatory injuries to kidneys. A: Wester blotting results; B: Toll-like receptor 4 levels; C: p-P65/P65 levels;
D: NOD-like receptor family pyrin domain containing 3 (NLRP3) levels; E: Apoptosis-associated speck-like protein containing a CARD (ASC) levels; F: Cleaved
caspase-1/caspase-1 levels; G: Mature interleukin (IL)-1B/IL-1p levels; H: IL-18 levels; I: Nirp3 levels; J: Asc levels; K: Casp1 levels; L: I11b levels; M: /118 levels. 2P <
0.05 as compared to the control group; °P < 0.01 as compared to the control group; °P < 0.05 as compared to the model group; “P < 0.01 as compared to the model
group. JPGSH: High-dose Jianpi Gushen Huayu Decoction; TLR4: toll-like receptor 4; NLRP3: NOD-like receptor family pyrin domain containing 3; ASC: Protein
apoptosis-associated speck-like protein containing a CARD; IL: Interleukin.

to stimulate insulin secretion[38]. Additionally, a high level of glutamate can induce pancreatic B cell apoptosis, wors-
ening DM[40]. Aspartate, produced by the hydrolysis of asparagine by L-asparaginase, participates in glucose produ-
ction and maintaining a low level of aspartate in the blood can help reduce glycogen synthesis to diminish the risk of
hyperlipidemia[41,42]. The above results indicate that glucose metabolism disorders could facilitate the progression of
DM. The correlation between DN and alanine, aspartate, and glutamate metabolism remains scarcely investigated to date,
and determining the underlying mechanism of JPGS requires further study.

In this study, JPGS could up-regulate the methionine level to regulate the methionine cycle and balance the in vivo
homocysteine (Hcy) level to lessen kidney injury in DN mice. Cysteine and methionine are sulfur-containing amino acids.
Cysteine is formed from serine and the condensation product of methionine-derived Hcy is used as the sulfur source.
Methionine is an essential amino acid which animals cannot synthesize. Hcy, an intermediate metabolite of cysteine and
methionine, plays a vital role in the progression of DN[43]. Hcy is a sulfur-containing non-essential amino acid and heal-
thy kidneys are essential in Hcy clearance and metabolism; since the Hey-specific tubular uptake mechanism and the
metabolic enzymes of Hcy are present in the kidneys[44]. Studies showed that Hcy is a factor that affects urinary protein
excretion independently of hypertension, DM, protein intake, and kidney function[45]. DN may be complicated by
hyperhomocysteinemia (HHcy), whose pathogenesis is principally associated with the in vivo accumulation of Hcy
caused by impaired glomerular filtration and Hcy metabolism disorder caused by the impaired integrity of the kidney
structure and function. In addition, HHcy may exacerbate insulin resistance to contribute to the occurrence and
progression of DN and HHcy and DN have a mutually exacerbating effect on each other[46]. The potential mechanism of
treating DN by regulating cysteine and methionine metabolism must be studied further.

Our results indicated that JPGS could markedly up-regulate the riboflavin level in the kidney tissues of DN mice.
Riboflavin, an essential nutrient for humans and animals, is a major food additive. Riboflavin performs critical metabolic
functions by mediating electron transfer in biological redox reactions and participates in the metabolism of folate, vitamin
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Table 1 Differential metabolites in kidney after Jianpi Gushen Huayu Decoction treatment

FC viP Trend
_ RT MmoJ
No. Metabolites Formula . mz M Jvs M Jvs Pathway
fmin) sCM wsCcm o %
C M
1 15(S)-HpETE C20H3204 1278 33522 114 045 035 171 1 1 Arachidonic acid metabolism
2 16(R)-HETE C20H3203 1391 34322 123 028 058 1.69 1 1Y Arachidonic acid metabolism
3 1-naphthol C10H80 886 14506 3.00 053 151 119 1" |°
4 2-isopropylmalate C7H1205 1.32 17506 1.97 206 161 137 1° 1
5 2-methoxyresorcinol C7H803 11.65 14105 121 120 137 134 1° 1°
6 3-hydroxy-3-methyl- C6H1005 1.32 161.05 1.68 172 142 133 1° 1
glutaric acid
7 3-indoleacrylic acid C11HINO2 6.03 186.06 052 1.63 18 138 |’ 1

8 4-guanidinobutyric acid C5HIIN302  1.35 129.07 042 167 153 138 |° 1°  Butanoate metabolism

9 4-hydroxybenzoic acid ~ C7H603 5.73 137.02 057 372 139 165 |° 14
10 4-oxoretinol C20H2802 1368 29920 047 167 142 137 |° 1°
11 5-hydroxyindole-3- CIOH9NO3  7.05 19207 750 004 131 144 1° |  Tryptophan metabolism

acetic acid

12 5-hydroxytryptophan ~ CI11H12N203  6.55 221.09 023 230 150 1.65 |° 1%  Tryptophan metabolism

13 ACar 20:1 C27H52NO4 1389 47240 186 049 167 163 1° e

14  Acetoacetate C4H603 1.44 101.02 212 155 135 114 1 1 Arachidonic acid metabolism, synthesis and
degradation of ketone bodies, tyrosine
metabolism

15  Adrenosterone C19H2403 13.34 301.18 1.18 067 062 119 1 1 Steroid hormone biosynthesis

16  Alpha-ketoglutaric acid C5H605 1.25 145.01 0.66 260 1.69 1.49 lb Td Alanine, aspartate and glutamate metabolism,
butanoate metabolism

17  Anthranilic acid C7H7NO2 1.55 13806 0.71 398 126 183 |[° 74 Tryptophan metabolism

18  Asparagine C4H8N203 1.24 131.05 041 512 133 091 |° 1 Alanine, aspartate and glutamate metabolism

19  Biotin C10H16N203S 8.15 24510 094 200 021 151 | 14

20 Cholesterol C27H460 15.23 38736 084 151 078 129 | 1 Steroid hormone biosynthesis

21  Citraconic acid C5H604 1.33 129.02 136 174 147 157 1° 74

22 Citric acid C6H807 6.00 191.02 094 158 019 1.67 | Td Alanine, aspartate and glutamate metabolism

23 Cnidioside A C17H2009 1.55 39110 224 336 132 166 1° 74

24 Corey lactone diol C8H1204 1.30 17107 131 191 123 161 1° 74

25  Cortisone C21H2805 11.25 36120 1.85 056 146 144 1° 1° Steroid hormone biosynthesis

26 D-glucosamine 6- C6H14NOS8P 1.20 258.04 1.02 058 010 137 1t 1° Alanine, aspartate and glutamate metabolism

phosphate

27  D-proline C5HINO2 154 11607 060 197 164 163 |° 1¢

28  D-threose C4H804 1.31 101.02 1.70 176 172 153 1° 74

29  Ecgonine C9H15NO3 9.72 18611 396 051 173 137 1° 1

30  Epitestosterone C19H2802 13.23 28922 146 032 068 126 1t 1 Steroid hormone biosynthesis

31  Estradiol C18H2402 14.93 27318 092 0.62 034 117 | |°  Steroid hormone biosynthesis

32  Gamma-tocopherol C28H4802 13.26 41737 217 036 138 144 1t° IS

33  Glutaric acid C5H804 143 131.03 149 193 126 160 1° 74

34  Guanidineacetic acid C3H7N302 1.31 118.06 047 117 171 0.85 lb 1

35 Homovanillic acid CI9H1004 2.09 181.05 0.52 140 190 1.20 lb 1 Tyrosine metabolism
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36 L-aspartic acid C4H7NO4

37  L-glutamine C5H10N203
38  L-histidine C6HIN3O2
39  L-kynurenine C10H12N203
40  L-thyroxine C15H1114NO4
41  L-tryptophan C11H12N202
42 L-tyrosine CI9H11INO3
43 Metanephrine C10H15NO3
44  Methionine C5H11INO2S
45  N-acetylaspartic acid C6HINOS

46  N-acetylserotonin C12H14N202
47  Oxoadipic acid C6H805

48 PC(16:0/16:0) C40H80NOSP
49  Prostaglandin D2 C20H3205

50  Urocanic acid C6H6N202
51  Vitamin B2 C17H20N406
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4P < 0.05 as compared to the control group.
PP < 0.01 as compared to the control group.
P < 0.05 as compared to the model group.
4P < 0.01 as compared to the model group.

C: Control group; M: Model group, J: High-dose Jianpi Gushen Huayu Decoction group, n = 6 per group; RT: Retention time; VIP: Variable importance for

the projection; FC: Fold change.
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Figure 6 Jianpi Gushen Huayu Decoction inhibited c-Jun N-terminal kinase/P38 pathway mediated apoptosis and improved kidney injury.
A: TUNEL staining; B: Percentage of positive cells in TUNEL staining; C: Western blotting results; D: p-c-Jun N-terminal kinase (JNK)/JNK level; E: p-P38/P38 levels;
F: Cleaved-caspase-3/caspase-3 levels; G: Cleaved caspase-9/caspase-9 levels. °P < 0.01 as compared to the control group; °P < 0.05 as compared to the model

group; %P < 0.01 as compared to the model group. JPGSH: High-dose Jianpi Gushen Huayu Decoction; JNK: c-Jun N-terminal kinase.
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B12, vitamin B6, and other vitamins[47]. Riboflavin, a precursor for flavin mononucleotide and flavin adenine dinuc-
leotide (FAD), serves as a coenzyme for multiple oxidases and dehydrogenases in eucaryotic cells[48]. FAD-dependent
Erol and sulfhydryl oxidases are involved in secretory proteins oxidative folding, leading to the formation of disulfide
bonds[49-52]. Riboflavin deficiency could lead to impaired oxidative folding, resulting in various clinical abnormalities (
e.g., kidney injury)[49,50,53]. A study suggested that riboflavin notably inhibited the production of lipid peroxides,
enhanced the SOD level, effectively inhibited the connective tissue growth factor (that could significantly exacerbate
fibrosis) and showed desirable antioxidant effects in DM rats injected with STZ. This signaled that riboflavin potentially
protects against DM-associated systemic fibrosis[54]. Therefore, the effects of JPGS on inhibiting oxidative stress and
improving fibrosis in DN mice were possibly related to the regulation of riboflavin metabolism. In future studies, the
relationships between the effect of JPGS on regulating riboflavin metabolism and its antioxidant and anti-fibrosis effects
should be illuminated.

Furthermore, our findings revealed that tryptophan metabolism disorder occurred in the kidneys of DN model mice; in
addition, 5-hydroxytryptophan (5-HTP) and NAS contents decreased to varying degrees, whereas 5-HIAA content
increased noticeably. JPGS could restore the levels of the above metabolites. This indicated that JPGS could significantly
regulate tryptophan metabolism. Tryptophan, one of the eight essential amino acids in humans, plays a fundamental role
in human health and diseases[55]. Tryptophan is principally metabolized via 5-hydroxytryptamine (5-HT), kynurenine
(KYN), and indole pathways[55]. In the 5-HT pathway, tryptophan is hydroxylated by tryptophan hydroxylase to yield 5-
HTP, which is catalyzed by 5-HTP decarboxylase to yield 5-HT. Then, 5-HT reacts with acetyl coenzyme A, as catalyzed
by N-acetyltransferase, to form NAS. Recent studies showed that 5-HTP, an effective anti-inflammatory mediator,
inhibited the activation of P38 and NF-kB in fibroblasts, reduced the expression levels of inflammatory factors in peri-
pheral blood mononuclear cells[56,57], and inhibited the production of TNF-a induced by lipopolysaccharides to improve
inflammatory responses[58,59]. Therefore, JPGS may reduce the TNF-a level by up-regulating the 5-HTP level. A study
has reported that 5-HTP could reduce mammary epithelial cell apoptosis in goats via the MAPK/extracellular signal-
regulated kinase/B-cell lymphoma-3 pathway[60]. NAS, a melatonin precursor, offers anti-inflammatory and antioxidant
effects[61]. Another study has suggested that melatonin could mitigate white matter injury in rats subjected to focal
ischemia-reperfusion injuries by inhibiting the activation of TLR4/NF-«B pathways, indicating that NAS may regulate
the TLR4/NF-xB pathway[62]. Liu et al[19] investigated retinal ischemia-reperfusion injury (RIRI) and found that NAS
could reduce retinal injuries in rats subjected to RIRI through blocking the activation of the TLR4/NF-xB/NLRP3
pathway to inhibit the expression of IL-1p. 5-HIAA, a metabolic end product of 5-HTP, has been proven to promote
apoptosis and activate JNK/P38 pathway-mediated apoptosis[20]. Moreover, tryptophan is the only source of the KYN
pathway. In the KYN approach, tryptophan is catabolized into KYN as regulated by indoleamine 2,3-dioxygenase and
trypophan-2,3-dioxygenase, and then KYN is metabolized into downstream metabolites (e.g., kynuric, xanthic, and quin-
olinic acids), which participate in immune activation and inflammation regulation and are associated with obesity and
insulin resistance[55,63,64].

Considering the effect of tryptophan metabolism on significantly modulating the TLR4/NF-xB/NLRP3 pathway, we
investigated the effect of JPGS on the TLR4/NF-xB/NLRP3 pathway in DN model mice. The study results exhibited that
JPGS could restrain the activation of the TLR4/NF-xB/NLRP3 pathway in kidneys. TLR4, a member of the TLR family,
plays a crucial role in the cellular antioxidant response and the production of inflammatory cytokines and its activation
can lead to NF-xB activation[65-67]. Normally, the NF-xB dimer in the cytoplasm binds to IxkBa to form a complex. When
IxBa phosphorylation is inactivated, NF-kB is activated and translocated to the nucleus to activate glial cells in order to
secrete numerous pro-inflammatory molecules (e.g., IL-1B, IL-18, TNF-a, and IL-6) and induce the expression of the
NLRP3 inflammasome[68,69]. The NLRP3 inflammasome is a multi-protein complex composed of NLRP3, ASC, and
caspase-1. Activating NLRP3 can promote the assembly of various components (NLRP3, ASC, and caspase-1) of NLRP3
inflammasome to activate pro-caspase-1 to produce active cleaved caspase-1 which, in turn, cleaves and matures the
inflammatory factors IL-1p and IL-18. Mature IL-1p can further stimulate the secretion of large quantities of pro-IL-18,
creating a positive feedback loop that amplifies immune responses by activating the NF-xB. As such, DN-related kidney
injury can be effectively improved by reducing the activation of the TLR4/NF-kB/NLRP3 pathway[70].

Considering the effects of tryptophan metabolites in markedly regulating JNK/P38-mediated apoptosis, we invest-
igated the effect of JPGS on JNK/P38-mediated apoptosis in DN mice. The study results revealed that JPGS could restrain
the activation of the JNK/P38 to reduce kidney cell apoptosis in DN mice. TUNEL staining is commonly employed to
assess cell apoptosis in body tissues. In this study, it has been determined that JPGS can effectively reduce apoptosis in
the kidney tissues of DN mice. JNK and P38-MAPK family members play a central role in inducing cell apoptosis. JNK, a
type of serine-threonine kinase, can be activated by multiple factors (e.g., stress and inflammatory cytokines). Activated
JNK is translocated from the cytoplasm to the nucleus to further induce the mRNA transcription of pro-apoptotic factors (
e.g., p53, Fas ligand, TNF, and Bax) and to act on mitochondria. For example, Bax and Bak promote the production of
cytochrome C in cytoplasm so that cytochrome C binds to caspase-9 to act on caspase-3. Activated caspase-3 binds to
apoptotic substrates to cause cell apoptosis[71]. JNK and P38 are stress-activated protein kinases and some factors can
activate both JNK and P38 pathways. Activated P38 can induce cell apoptosis by increasing c-myc expression, phos-
phorylating P53, inducing Bax translocation, and enhancing TNF-a expression[71]. As oxidative stress occurs and
increased levels of inflammatory factors are present in DN patients, the JNK/P38 signaling pathway is activated to
exacerbate kidney cell apoptosis[72]. As such, kidney injury in DN patients can be improved by inhibiting JNK/P38-medi
-ated apoptosis[73].
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Figure 7 Jianpi Gushen Huayu Decoction could improve kidney inflammatory responses and kidney injury in diabetic nephropathy mice
via the toll-like receptor 4/nuclear factor-kappa B/NOD-like receptor family pyrin domain containing 3 pathway and inhibit kidney cell
apoptosis in diabetic nephropathy mice via the JNK/P38 pathway. It is possibly related to regulate cysteine and methionine metabolism, alanine,
aspartate, and glutamate metabolism, tryptophan metabolism and riboflavin metabolism in kidney. NF-kB: Nuclear factor-kappa B; 5-HTTP: 5-hydroxytryptophan;
NAS: N-acetylserotonin; 5-HIAA: 5-hydroxyindole-3-acetic acid; JNK: c-Jun N-terminal kinase; TLR4: toll-like receptor 4; NLRP3: NOD-like receptor family pyrin
domain containing 3; ASC: Protein apoptosis-associated speck-like protein containing a CARD; IL: Interleukin.

CONCLUSION

Our results revealed that JPGS could markedly treat mice with STZ-induced DN. The metabolomics results exhibited that
the efficacy of JPGS is possibly related to cysteine and methionine metabolism; alanine, aspartate, and glutamate
metabolism; tryptophan metabolism; and riboflavin metabolism. Furthermore, JPGS could improve kidney inflammatory
responses and kidney injury in DN mice via the TLR4/NF-xB/NLRP3 pathway and may inhibit kidney cell apoptosis in
DN mice via the JNK/P38 pathway (Figure 7).

ARTICLE HIGHLIGHTS

Research background

As a frequent complication of type 2 diabetes mellitus, diabetic nephropathy (DN) is insidious and highly prevalent. The
dysfunction of metabolism is closely related to the progression of diabetes and diabetic complications. Regulating meta-
bolism to ameliorate DN has recently become a well explored research area.
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Research motivation
Jianpi Gushen Huayu Decoction (JPGS) is highly efficacious clinically on DN, nevertheless, its renoprotective mechanism
of action on DN has not yet been intensively investigated.

Research objectives
To evaluate the therapeutic effects and the possible mechanism of JPGS on DN based on untargeted metabolomics.

Research methods

The therapeutic potentials of JPGS was first evaluated on a DN mouse model. Then, the effect of JPGS on the kidney
metabolite levels in DN mice was tested using non-targeted metabolomics. Furthermore, the effects of JPGS on c-Jun N-
terminal kinase (JNK)/P38-mediated apoptosis and inflammatory responses mediated by toll-like receptor 4 (TLR4)/
nuclear factor-kappaB (NF-xB)/NOD-like receptor family pyrin domain containing 3 (NLRP3) were examined.

Research results

JPGS administration improved body weight loss, hyperglycemia, kidney injury, and factors of oxidative stress and
inflammation in DN mice. In addition, JPGS altered 51 differential metabolites of kidney in DN mice. Pathways related to
cysteine and methionine metabolism, alanine, tryptophan metabolism, aspartate and glutamate metabolism, and ribo-
flavin metabolism were identified as the key pathway of JPGS on DN. Further experimental validation showed that JPGS
treatment reduced the expression of expression of TLR4/NF-xkB/NLRP3 pathway and JNK/P38 pathway-mediated
apoptosis related factors.

Research conclusions
JPGS could improve kidney inflammatory responses and kidney injury in DN mice via the TLR4/NF-xB/NLRP3
pathway and inhibit kidney cell apoptosis in DN mice via the JNK/P38 pathway. It is possibly related to regulate cysteine
and methionine metabolism, alanine, aspartate, and glutamate metabolism, tryptophan metabolism and riboflavin
metabolism in kidney.

Research perspectives
This study can provide scientific evidence for the clinal used of JPGS. Moreover, our study can be a useful for researchers
in studying the relationship between metabolites and pathways in drug intervention.
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