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Purpose: To investigate the therapeutic effect and underlying mechanism of a traditional Chinese medicine (TCM) mixture consisting
of Astragalus, rhubarb, and saffron in a mouse model of diabetic kidney disease (DKD).

Methods: Forty-cight db/db mice received no TCM (DKD model), low-dose TCM, medium-dose TCM, or high-dose TCM, and an
additional 12 db/m mice received no TCM (normal control). Intragastric TCM or saline (controls) was administered daily for 24
weeks. Blood glucose, body weight, serum creatinine (SCr), blood urea nitrogen (BUN), blood lipids, and urinary microalbumin were
measured every four weeks, and the urinary albumin excretion rate (UAER) was calculated. After 24 weeks, kidney tissues were
collected for transcriptome sequencing, and the main functions of these genes were determined via functional enrichment analysis.
Results: Compared with the DKD model group, the medium-dose and high-dose TCM groups had significantly decreased levels of
SCr, BUN, total cholesterol, triglycerides, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and UAER (all
p<0.05). We identified 42 genes that potentially functioned in this therapeutic response, and the greatest effect on gene expression was
in the high-dose TCM group. We also performed functional enrichment analysis to explore the potential mechanisms of action of these
different genes.

Conclusion: A high-dose of the Astragalus-rhubarb-saffron TCM provided the best prevention of DKD. Analysis of the kidney
transcriptome suggested that this TCM mixture may prevent DKD by altering immune responses and oxygen delivery by hemoglobin.
Keywords: diabetic kidney disease (DKD), mixture of astragalus, rhubarb, saffron, transcriptome sequencing, db/db mice

Introduction

Diabetes mellitus (DM) is a common disease throughout the world, and diabetic kidney disease (DKD), a common and
serious complication of DM, significantly decreases quality-of-life and contributes to the development of end-stage renal
disease (ESRD)."! Numerous studies have examined different treatments for DKD, and some of these studies have
examined inhibitors of the renin-angiotensin-aldosterone system (RAAS) and management of blood glucose and blood
pressure on temporarily halting the progression of DKD. Several other therapeutic strategies may also be useful for the
management of DKD, including mineralocorticoid receptor antagonists, endothelin receptor antagonists, vitamin

D receptor activators, and therapies targeting inflammation and free radicals.” Despite the availability of these and
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other treatment strategies, many patients with DKD still quickly progress to ESRD. Thus, it is crucial to identify novel
and cutting-edge treatments for DKD that are both safe and effective.

Our group’s previous research found that an Astragalus-saffron-rhubarb mixture effectively reduced body weight and
the urinary albumin excretion rate (UAER); decreased the levels of blood glucose, blood urea nitrogen (BUN), and serum
creatinine (SCr); and halted the proliferation of mesangial cells.' In addition, many other studies have demonstrated the
benefits of certain traditional Chinese medicines (TCMs) for the management of chronic kidney disease (CKD).”
Importantly, these TCM treatments do not typically cause significant adverse effects. There is also evidence that certain
TCMs can decrease the SCr level, increase creatinine clearance, reduce proteinuria, and alleviate CKD-associated
complications.® Additionally, numerous herbs and certain formulations of multiple herbs have been used for the treatment
of CKD. Astragalus can control inflammation by functioning as an antioxidant and modifying the immune system;
rhubarb and other plants in the genus Rheum have similar effects in animal models.* Other research found that certain
TCMs can ameliorate diabetes by regulating the gut microbiota, thereby decreasing the complications of diabetes.’

Many recent studies have examined the use of TCMs for the treatment of DKD, and this motivated us to examine the
therapeutic effects of a specific TCM on DKD. Arctigenin, the major component of Fructus arctii (a TCM), can reduce
proteinuria in patients with diabetes.® Crocin, the main bioactive substrate of Crocus sativus, can significantly reduce the
levels of glucose, SCr, BUN, and proteinuria; increase the levels of insulin and urinary creatinine clearance; and thereby
improve kidney function.” Previously, we demonstrated that administration of a combination of three TCM ingredients to
diabetic rats — Astragalus, rhubarb, and saffron — improved renal function, reduced inflammation and oxidative stress,
and blocked the synthesis of pro-fibrotic factors.”

In this study, we used transcriptomic sequencing to investigate the underlying mechanism of a TCM prescription
consisting of astragalus, rhubarb, and saffron on DKD in mice, and examined possible biomarkers that can be used to
evaluate the therapeutic effects of this TCM.

Materials and Methods
Animal Model

Figure 1 summarizes the study design and experimental procedures. All mice were purchased from the Nanjing Institute
of Model Animals and were fed in the barrier system of the research center in Lanzhou University Second Hospital.
These mice were reared at a temperature was 20 + 2 °C and a humidity of 40-70%, with a 12 h light/12 h dark cycle. The
mice received ordinary specific-pathogen-free (SPF) food and drank water freely. All experiments were performed
following approval of the Lanzhou University Second Hospital Institutional Ethical Committee (approval number:
D2019-198), and strictly adhered to the guidelines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Forty-eight 6-week-old male SPF db/db mice were randomly divided into four groups: DKD model (no TCM), high-
dose TCM, medium-dose TCM, and low-dose TCM. The mean body weight of these mice at study onset was 34.35 +
2.52 g. An additional 12 db/m mice from the same litter that were sex- and age-matched with the db/db mice were in the
normal control group (mean body weight at study onset: 18.94 + 1.44 g).

Preparation and Administration of the TCM
The TCM formulation consisted of Astragalus, rhubarb, and saffron, and was purchased from Gansu Deshengtang
Medical Technology Group Co. Ltd. These herbs were processed as described in our previous study.® First, a mixture of
the herbs (ratio of 15 g Astragalus, 10 g rhubarb, and 2 g saffron) was soaked in water for 30 min, with the level of water
10 to 12 cm above the herbs. Then, this mixture was heated until boiling, and then maintained at a simmer for 30 min.
Finally, the liquid was passed through four layers of gauze and the filtrate was collected.® These steps were repeated with
the residue remaining in the gauze, and the two filtrates were combined, placed in Eppendorf tubes, and stored at —20 °C
prior to use.

The 6-week-old db/db mice received adaptive feeding for two weeks before study onset. Then, the 8-week-old mice
were divided into high-dose, medium-dose, and low-dose TCM groups that were given different intragastric doses of the
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crude filtrate (8.1 g/kg-day, 5.4 g/kg-day, or 2.7 g/kg-day) for 24 weeks. The gavage volume was 0.05 mL/10 g. The
DKD model group (db/db mice) and the normal control group (db/m mice) received 5 mL/kg-day of normal saline by
gavage for 24 weeks.

Determination of Serum Indexes and Urinary Microalbumin
Six mice in each group were randomly selected and euthanized for collection of blood from the heart after 8 weeks; the
remaining six mice in each group received treatments for 24 weeks before euthanasia and collection of blood from the
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heart. An Agilent 2100 bioanalyzer (Agilent Technologies Inc.) and detection kit (NanJing JianCheng Bioengineering
Institute) were used to measure the serum levels of SCr, BUN, total cholesterol (TC), triglycerides (TG), low-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C). The UAER was calculated by
measuring the level of urinary microalbumin. GraphPad Prism version 8 was used to present these results.

RNA Extraction from Kidney Tissues and Preparation for Sequencing

The TRIzol Reagent (Thermo Fisher Scientific) was used to extract total RNA from the 15 samples of renal tissues that
were collected from 3 randomly selected mice in each group. The purity and concentration of these RNA samples were
assessed by spectrophotometry and fluorescence assays, and an Agilent 2100 Bioanalyzer was used to assess sample
integrity. Degradation and contamination of the extracted RNA samples were examined by 1% agarose gel electrophor-
esis. After passing the quality-control checks, a 3 pg sample was used as the starting material for construction of the
transcriptome sequencing library. The final cDNA library was constructed by mRNA enrichment, fragmentation of
mRNA, synthesis of one and two strands of cDNA, purification of the two strands of cDNA, addition of a poly-A tail,
and implementation of the quantitative real-time polymerase chain reaction (QRT-PCR).

Analysis of Sequencing Data

The original data were saved and filtered to obtain clean data, and the contents of samples with quality score 20, quality
score 30, and GC sequences were determined. Then, bioinformatics software (Bowtiel) was used to build the reference
gene library, and the high-quality sequences obtained above were compared with the reference genome. Finally, gene
expression was determined and statistical comparisons were performed.

Differential Expression of Genes and Visualization
The DEseq?2 (https://bioconductor.org/packages/DESeq2/) package in R/Bioconductor was used to determine differential

analyses of gene expression. The expression levels of genes in all groups were compared with those of the DKD model
group, and log, fold-change (FC) in gene expression greater than or less than 1.5 (Jlogy[FC]| > 1.5, p < 0.05) was
considered statistically significant. Volcano plots were used to depict the differentially expressed genes (DEGs) using the
ggplot2 package in R.

Expression of Key Genes

After identifying the DEGs from a comparison of the high-dose group and the DKD model group, the data in all five groups
were summarized, and genes were screened using R with the following criteria: (7) the expression levels in all four groups were
increased or decreased; (i) the expression levels of the normal control group were greater than or less than those of the DKD
model group, and were similar to those in the high-dose group. These genes were considered potentially related to the
therapeutic effects of the TCM mixture. The changes in expression of genes in all five groups were displayed using the stack

line graph drawing tool from the Weishengxin website (http://www.bioinformatics.com.cn/).

Functional Enrichment Analysis and Protein—Protein Interaction (PPI) Network
Analysis

Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGQG) pathway enrichment analysis
were used to determine the DEGs that were filtered out in the previous step. Analysis of the biological processes (BPs),
cell components (CCs), and molecular functions (MFs) were included in the GO annotation. These genetic data were
analyzed via the online KEGG database. GO functional annotation analysis and KEGG pathway enrichment analysis
were performed using the Weishengxin website. The significant enrichment threshold was set as p < 0.05, and the ten
items with the lowest p-values were selected. The PPI network was analyzed using the STRING database for genes. The

minimum required interaction score was 0.400, which was regarded as a medium level of confidence.
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qRT-PCR

Total RNA was extracted from fresh mouse kidneys of each group using the TRIzol method, with samples having no

DNAse/RNAse activity. Then, a 1 pg sample of RNA was reverse-transcribed into cDNA using the GoScript Reverse
Transcription System, according to the manufacturer’s protocol (Promega). The qRT-PCR was performed on an ABI7500

system using the GoTagR qPCR Master Mix (Promega). All data were normalized to the expression of B-actin, and

2*88CT

relative RNA expression was calculated using the method. All primer sequences are in Supplementary Table 1.

Histopathological Evaluation

After 24 weeks, renal tissues were harvested and fixed in 4% phosphate-buffered paraformaldehyde for 48 h at 4 °C.
After embedding in paraffin, 3-um sections were prepared, deparaffinized in xylene, and rehydrated in a series of graded
ethanol solutions. Then, the samples were stained with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), or
Masson’s trichrome for histopathological examination.

Statistical Analyses

All values are expressed as the means =+ standard errors of the mean. Statistical analysis was performed using the SPSS
for Windows version 7.51 (SPSS, Inc., Chicago, IL, USA). The results of different groups were compared using analysis
of variance (ANOVA), and a p-value below 0.05 indicated a statistically significant difference.

Results
Time Course of Changes in Body Weight, Serum Indexes, and UAER

We monitored the changes in body weight and blood glucose in the five groups over the course of 24 weeks. Mice in the
normal (db/m) group had relatively normal intake of water and food and defecation during the 2-week acclimation period.
In contrast, mice in the DKD model group had gradual increases in the overall intake of water and food, and clear signs of
polyuria during this 2-week period. At the beginning of TCM administration, one mouse in the low-dose group died. As the
experiment progressed, the mice in all three TCM groups had decreased intake of water and food, and decreased symptoms
of polyuria. However, there were no significant differences in these parameters among the three treatment groups.

Before the onset of treatment, mice in the DKD model group and the TCM treatment groups had considerably greater
body weight than mice in the normal control group (Figure 2A). After the administration of different doses of the TCM
for 24 weeks, the body weight of the DKD model group was significantly greater than that of the normal control group.
However, there were no significant differences in body weight among the three treatment groups.

Before the onset of treatment, the DKD model group and the three TCM groups had significantly greater levels of
blood glucose than the normal control group (Figure 2B). After 16 weeks of treatment, the blood glucose level of the
DKD model group was significantly greater than that of the normal control group. Compared with the DKD model group,
the blood glucose levels in the TCM groups were lower, especially in the high-dose group. Thus, the hypoglycemic effect
of the TCM mixture was dose-dependent.

Before the onset of treatment, compared with the normal control group, the DKD model group and the TCM groups
had significantly greater levels of SCr, TC, TG, and LDL-C, and a significantly decreased level of HDL-C (Table 1).
After 24 weeks, compared with the normal group, the DKD model group had significantly increased levels of SCr, BUN,
TC, TG, and LDL-C, and a significantly decreased level of HDL-C (Figure 2C-H). Compared with the DKD model
group, the levels of SCr, BUN, TC, TG, LDL-C, and HDL-C were normalized in the TCM groups, and these changes
were significant in the high-dose and medium-dose groups (all p < 0.05). There were no significant differences among the
groups with different doses of the TCM.

Before the onset of treatment, the UAER in the DKD model group and the TCM groups were significantly greater
than in the normal control group (Table 2), suggesting the presence of kidney damage in these 8-week-old db/db mice.
After 24 weeks of treatment, the UAER in the DKD model group was significantly greater than that in the normal control
group. Compared with the DKD model group, the UAER in was significantly decreased in the high-dose and medium-
dose TCM groups, but there were no significant differences among the three TCM groups.
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Figure 2 Changes of different indices in the five groups of mice from study onset (week-8) to study completion (week-32). Body weight (A) and blood glucose levels (B)
were measured every four weeks. Serum creatinine (C) blood urea nitrogen (D), total cholesterol (E), triglycerides (F), low-density lipoprotein (G), and high-density

lipoprotein (H) were measured at study onset (week-8) and study completion (week-32). *p < 0.05, **p < 0.01, ***p < 0.001.

Renal Histopathological Changes

After 24 weeks, we performed renal histological analysis using three different stains (Figure 3). Compared with mice in

the normal control group, mice in the DKD group mice had moderate-to-severe diffuse proliferation of mesangial cells

and matrix. The DKD mice had some restricted capillary lumens, some capillary loops were angiomatous and dilated,

and a few mesangial areas were nodular. Compared with the normal control group, the DKD group had hyperplasia of

Table | Serum Biochemical Indexes of Each Group Immediately Before Study Onset (X % S)

Group Samples SCr BUN TC TG LDL-C HDL-C
(n) (umol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
Normal Control 6 10.95+4.18 3.57+1.21 1.20+0.44 0.71+0.46 0.47+0.26 3.03%1.11
DKD Model 6 22.90+8.2"% 4.65%1.26 2.53+1.27% 1.62+0.52% 1.33+0.71% 1.73+0.87%
Low-dose 6 23.20+9.6" 4.52+1.26 2.58+1.20% 1.63+0.84" 1.30+0.65% 1.51+0.63%
Medium-dose 6 22.83+9.1% 451%1.32 2.33+1.07% 1.54+0.78" 1.31+0.77% 1.52+0.57%
High-dose 6 23.34+9.9% 4.55+1.25 2.40%1.20" 1.66%0.78% 1.44£0.96" 1.74£0.82%

Notes: Compared with the control group, #p<0.05.
Abbreviations: SCr, serum creatinine; BUN, blood urea nitrogen; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density

lipoprotein cholesterol.
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Table 2 Changes in Urinary Albumin Excretion Rate in Each Group from Study Onset to Completion (X £ S), ug/16 h
Group Samples 8 Weeks 12 Weeks 16 Weeks 20 Weeks 24 Weeks 28 Weeks 32 Weeks
(n)
Normal 6 [1.12+4.37 | 15.1625.05 17.5546.14 16.83+7.28 16.72+8.04 24.68+7.27 29.58+7.05
Control
DKD Model | 6 85.02 186.60 354.12 420.75 474.66 524.94 591.72
+17.35% +34.01%% +55.75%% £92.16% +92.69%% +85.62%% +97.79%%
Low-dose 6 81.21 124.86 244.5| 274.99 295.55 336.56 370.75
+19.50" +36.427 +58. 12k +84.86"# +77 46w 499,74 +86.98
Medium- 6 84.02 140.28 268.97 302.55 352.75 393.71 429.99
dose +20.60" +35.68"% +54.70%%% +88.7 | ¥ +84.79"% +98.6 | 492,57
High-dose 5 81.24 155.40 303.89 333.29 381.63 44727 48151
+20.09%# +32.36" +78.71%% +93.50%% +97.66™ +88.62%% +91.60%%

Notes: Compared with the normal control group, *p<0.01; Compared with the model group, *p<0.05, *p<0.01.

mesangial cell and matrix, glomerulosclerosis, and increased glomerular collagen. The mice in all three TCM groups had
decreased mesangial matrix hyperplasia and collagen deposition, and this effect was greatest in the high-dose group.

Transcriptome Analysis and Screening for Differentially Expressed Genes

After 24 weeks, we used transcriptome analysis of isolated renal tissues to screen for DEGs. Comparison of the DKD
model and normal control groups indicated 450 DEGs, with 213 upregulated genes and 237 downregulated genes
(Figure 4A). Relative to the DKD model group, the high-dose TCM group had 158 DEGs, with 73 upregulated genes and
85 downregulated genes (Figure 4B); the medium-dose TCM group had 142 DEGs, with 92 upregulated genes and 50
downregulated genes (Figure 4C); and the low-dose TCM group had 33 DEGs, with 15 upregulated genes and 18
downregulated genes (Figure 4D). Compared with the high-dose TCM group, the medium-dose TCM group had 163
DEGs, with 112 upregulated genes and 51 downregulated genes (Figure 4E), and the low-dose TCM group had 128
DEGs, with 60 upregulated genes and 68 downregulated genes (Figure 4F).

We performed analysis of the 158 DEGs (73 upregulated genes and 85 downregulated genes) by further examining
the high-dose TCM group and the DKD model group from data collected at week 24. Based on our screening criteria (see
Material and Methods), we identified 42 genes that had potential roles in the pathogenesis of DKD, and then utilized
stack diagrams to visualize these changes. Following TCM treatment, the expression of some genes increased signifi-
cantly, so their expression patterns were more similar to the normal controls, especially in the high-dose TCM group

HE

Masson (o

PAS |

Figure 3 Hematoxylin and eosin (HE), Masson trichome, and periodic acid-Schiff (PAS) staining of kidney tissues from the five groups at study completion (week-32).N :
normal control; L: Low-dose TCM; M: Medium-dose TCM; H: High-dose TCM; D: DKD. Scale bars show magnification.
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Figure 4 Volcano plots of genes with significantly different expression in six different pairwise comparisons. Significantly down-regulated and upregulated genes were
defined by |log,(FC)| > 1.5 and p < 0.05. Orange dots: upregulated genes in the first group relative to the second group; green dots: downregulated genes in the first group
relative to the second group. (A) DKD vs Normal, (B) DKD vs High-dose TCM, (C) DKD vs Medium-dose TCM, (D) Low-dose TCM vs DKD, (E) High-dose TCM vs
Medium-dose TCM, (F) High-dose TCM vs Low-dose TCM.

(Figure 5A—C). In addition, TCM treatment significantly decreased the expression of other genes, so their expression
patterns were more similar to the normal controls, especially in the high-dose group (Figure SD-F).

Bioinformatics Analysis of Key Genes

We then used GO and KEGG pathway enrichment analyses to determine the functions and enrichment pathways of these
42 key genes. GO analysis showed that the BPs were mainly enriched in myeloid cell development, erythrocyte
development, erythrocyte differentiation, erythrocyte homeostasis, myeloid cell homeostasis, antigen processing, pre-
sentation of exogenous peptide antigen via major histocompatibility complex (MHC) class II, regulation of MHC class II
biosynthetic process, MHC class II biosynthetic process, antigen processing, presentation of peptide antigen via MHC
class II, and antigen processing and presentation of peptide or polysaccharide antigen via MHC class II (Figure 6A).
Analysis of CCs showed enrichment in hemoglobin complex, haptoglobin-hemoglobin complex, MHC protein complex,
cytosolic small ribosomal subunit, small ribosomal subunit, cytosolic ribosome, mitochondrial respiratory chain complex
IV, lysosomal membrane, lytic vacuole membrane, and guanyl-nucleotide exchange factor complex (Figure 6B). The top
10 of MFs were haptoglobin binding, oxygen binding, peroxidase activity, oxidoreductase activity, acting on peroxide as
acceptor, antioxidant activity, hemoglobin binding, oxygen carrier activity, organic acid binding, GTPase activity, and
heme binding (Figure 6C).

KEGG pathway enrichment analysis showed that several genes were enriched in antigen processing and presentation,
asthma, intestinal immune network for IgA production, allograft rejection, graft-versus-host disease, type 1 diabetes
mellitus, Th1 and Th2 cell differentiation, hematopoietic cell lineage, Th17 cell differentiation, and tumor necrosis factor
(TNF) signaling pathway (Figure 6D). Table 3 summarizes the differences in expression of these genes in the high-dose
TCM group and the DKD model group.

We then screened out the three genes that had the largest |logy(FC)| values using qRT-PCR: 5'-aminolevulinate
synthase 2 (4las2), cAMP responsive element binding protein 5 (Creb5), and hemoglobin alpha, adult chain 1/2 (Hba-al

1802 " Diabetes, Metabolic Syndrome and Obesity 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhou et al

>
o]
o8]
~

J

&

°
N
@
°

~
o

—o— AA467197
Bub1b

~
o

—o— Gnal

Mean of FPKM values
> o
P

Mean of FPKM values
Mean of FPKM values

404 /
—o— Depp1 \
—o— Chac1 301 \ Gpr68
Ciita o :z-:ma 15 © / Itgbl1
/ / —o— Crebs o _— Rnf39
0s] Crispld1 ® —— e 10 / / —— Sfip4
Elmo1 \ - Sox8
i Igtp N V —
\// Gabrb1 NE S s N\ — Spit
00/ / Gma631 T—— = 2ip239
N M [ N D L M H -
Group Group ¢ Group " !
D I F

400

o

—o— D430019H16Rik
Fcgbp
—o— Fosb

~

—o— Clca3a2
Cysltr1

Mean of FPKM values

/

Mean of FPKM values
N
Mean of FPKM values

—o— Zfp558 Igf2
—o— Hbb-b:
2 TIr12 / \ N —o— Pcdhgal2
1001 / Hbb-bt 1
—o— Rab30 N Pgpepil
1 o Tnfsfm13 \ Py Afp
———— o Alas2
0 T 0 0
N D L M H N D L M H N D L H
Group Group Group

Figure 5 Stacking plots of the 42 genes that had significantly different expression in the DKD model group, the normal group, and the TCM treatment groups. (A-C) TCM
treatment significantly increased the expression of 23 genes so their expression patterns became more similar to the normal control group (N), especially in the high-dose
TCM group (H). (D-F) TCM treatment significantly decreased the expression of |9 other genes so their expression patterns became more similar to the normal control
group (N), especially in the high-dose TCM group (H).

/2). Then, we used qRT-PCR to directly measure the mRNA levels of these three genes in the kidney tissues of the DKD
model group and high-dose TCM group at week-24. Consistent with the sequencing results, compared with the DKD
model group, the high-dose TCM group had a significantly decreased level of Alas2 and a significantly increased level of
Creb5 (both p < 0.05). However, contrary to the sequencing results, the Hba-al/2 level was upregulated in the high-dose
TCM group (Figure 7).

We then used the STRING database for PPI analysis. The 42 genes were similar to those of functional annotation by
GO and KEGG pathway enrichment analyses (Figure 6E). These genes were mostly related to the immune system and

the physiology and function of erythrocytes.

Discussion

DM is a metabolic disease whose incidence is increasing worldwide, and many of these patients have concurrent kidney
complications that progress to ESRD within a few years. Kidney failure is a significant threat to a patient’s life and
health, and many patients do not receive adequate treatment by hemodialysis due to financial and other reasons. There is
increasing interest in the use of different TCMs for the treatment of a variety of ailments. However, it is necessary to
thoroughly examine the molecular targets of these different treatments.” Several TCMs have possible therapeutic effects
against DKD (Supplementary Table 2). Our study used transcriptome analysis with several bioinformatic tools to
elucidate the possible mechanism by which a specific TCM formulation consisting of Astragalus, rhubarb, and saffron
prevents the progression of DM to DKD. These data and our functional annotation analysis support the future use and

research of this mixture.

Our results show that compared with the DKD model group, the levels of SCr, BUN, TC, TG, and LDL-C were lower
and the level of HDL-C was higher following the 24-week TCM treatment, especially in the high-dose group. This result
confirmed that the three ingredients in this TCM were an effective treatment for DKD and that they improved renal
function. Additionally, compared with the DKD model group, we found that the expression of 42 genes were
significantly upregulated after treatment with our TCM mixture. This led us to speculate that the change in the expression
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Figure 6 GO and KEGG pathway enrichment analysis and PPl analysis of the 42 differentially expressed genes. Categories and two most enriched terms: Biological
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of these genes might be responsible for the observed therapeutic effect of this TCM. Nevertheless, future research is
required to confirm the role of these genes in the pathogenesis of DKD.

At the same time, we also identified some of the functions and pathways of these pivotal genes. Our research showed
that changes in several functions may be responsible for the observed therapeutic effects of our TCM: class II major
histocompatibility complex transactivator (Ciita); histocompatibility 2, class II, locus DMa (H2-DMa); and histocompat-
ibility 2, class II antigen E beta (H2-Ebl). H2-DMa functions in antigen processing and presentation, and H2-Ebl
functions in Thl and Th2 cell differentiation, and these potentially contributed to the beneficial effects of our TCM.
Moreover, Creb5 and interferon gamma-inducible protein 47 (Ifi47) have important functions in the TNF signaling
pathway. In addition, G protein-coupled receptor 68 (Gpr68), Alas2, Hba-al, Hba-a2, and Spi-1 proto-oncogene (Spil)
were enriched in myeloid cell development and erythrocyte development related to the hemoglobin complex, haptoglobin
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Table 3 Differential Expression of Screened Genes

Gene Log,(FC) p-value Up-Regulation/Down-Regulation
(Normal Control vs DKD Model)

Alas2 6.351 0.0043 Down

Ciita —1.826 0.0018 Up

Creb5 —3.804 0.0080 Up

Gpr68 —1.968 0.0047 Up

H2-DMa —1.566 0.0081 Up

H2-Ebl —1.657 0.0079 Up

Hba-al 4.103 0.0007 Down

Hba-a2 4.359 0.0002 Down

Ifi47 —1.613 0.0295 Up

Spil —1.803 0.0010 Up

Abbreviation: FC, fold change.

binding, and oxygen binding. Taken together, these findings indicate the potential mechanism of the TCM therapy
examined here, although this requires verification in future studies.

Numerous studies have shown that persistent renal hypoxia increased the activity of hypoxia-inducible factor 1 and
inflammation, and also led to an imbalance of vasoactive factors, an acceleration of the epithelial-to-mesenchymal
transition, and increased fibrosis.'® Other studies have suggested that chronic hypoxia may be the main pathophysiolo-
gical process responsible for DKD'' and CKD.'? Although renal blood flow accounts for about 20% of cardiac output,
the kidney has a lower oxygen partial pressure than other organs, and they are therefore susceptible to renal tubular
interstitial injury due to hypoxia. Some data suggests that increasing the hemoglobin level may improve the renal
prognosis of patients with kidney disease.'® Furthermore, erythrocyte function determines whether hemoglobin can
function as an effective carrier of oxygen. Anemia is a frequent complication in patients with late-stage of CKD because
of their lack of erythropoietin,'* and hemoglobin transfusion is therefore used as a treatment for this condition. Because
hypoxia leads to epigenetic alterations, we examined the state of the disease and the effect of treatment at the level of the
transcriptome.

Although DKD was not originally considered to be an immune-mediated disease, recent studies suggest that immune
components play a significant role in the pathogenesis and progression of DKD. For example, increased levels of
macrophages were reported in multiple renal biopsies of DKD patients and experimental animal models; these cells
trigger a series of downstream inflammation pathways, and the accumulation of macrophages in the kidneys of diabetic
patients predicts a poor renal function.'® In addition, TNF, which is mainly secreted by activated macrophages, is a major
cytokine of systemic inflammation and is linked to the expression of genes that stimulate inflammation and cell death.'®
Our previous research showed that the Astragalus—saffron—rhubarb TCM mixture reduced the levels of IL-6, TNF-a,
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Figure 7 Expression of three genes in the DKD model group and the high-dose TCM group based on qRT-PCR. *p < 0.05.
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TNF-1R, and TNF-2R in the renal tissue of db/db mice with DKD. As a result, this combination of herbs may enhance
kidney function in and renal hypoxia by modulating the immune system and the physiological activities of red blood cells
in DKD.

We identified multiple genes and pathways that were related to the pathogenesis of DKD and the therapeutic effects of
our TCM. Ciita is the most important MHC-II regulator in macrophages,'’ and there is evidence that an imbalance of
M1/M2 polarized macrophage phenotype activation is a key event in the pathogenesis of DKD.'® In particular, M1
macrophages have high antigen presentation and can produce high levels of proinflammatory cytokines, whereas M2
macrophages have a renal protective role in DKD. Increasing the M2-to-M1 ratio by inhibiting the RAAS is also an
established treatment for DKD.'® Furthermore, we also identified key roles of Creb5, Grp68, Alas2, and Spil; these genes
are responsible for several immune-related processes, including tumor mortality, tumor recurrence, fibrosis, muscle
atrophy, and hematopoiesis.”>* According to the National Center of Biotechnology Information gene database, Hba-al
and Hba-a2 function in erythrocyte development, and H2-DMa and H2-Eb] affect the binding activity of MHC class II
protein complexes. These genes potentially play an important role in the therapeutic effects of our TCM. It is worth
noting that the TCM dose affected the levels of Alas2 and Creb5 mRNAs in our study, and that our qRT-PCR results were
consistent with the tissue sequencing results (Figure 4). This evidence of a dose-dependent effect supports our specula-
tion that the TCM examined here alleviated DKD by altering the expression of these two genes. However, the exact roles
of Alas2 and Creb5 in the pathogenesis of DKD are still unclear, and further studies of the specific mechanism are
necessary.

There are some limitations of this study that must be addressed. First, the sample size used for sequencing needs to be
increased. Although sequencing of samples from three animals allowed exploration of the underlying mechanisms, use of
larger samples are needed to confirm our results. We are currently using larger sample sizes in our ongoing studies of this
topic. Additionally, although we identified the potential therapeutic effects and underlying mechanisms of our TCM
mixture on DKD were related to improving immunity and hypoxia, our conclusions require further experimental
verification at the gene and protein levels.

Conclusion

We explored the therapeutic effect of a TCM mixture consisting of Astragalus, rhubarb, and saffron on DKD in a mouse
model of this disease, and used transcriptome sequencing to determine the possible underlying mechanism of this
therapeutic effect. Our results suggest that several key genes related to immunity and oxygen delivery of hemoglobin
may be responsible for the therapeutic effect of this TCM, and provide novel insights regarding the pathogenesis and
treatment of DKD.
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