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Abstract: Diabetic nephropathy (DN) is one of the chronic
microvascular diseases of diabetes. Studies revealed that
inflammation is involved in the development of DN.
However, its mechanisms are not fully clear. Here, we
screened DN-related mRNAs by RNA sequencing in the
renal tissues of db/db DN mice and normal control mice.
The Swiss-Model, ZDOCK 3.0.2 and PyMOL 2.3.2 were
applied for bioinformatics analysis. In total, we obtained
6,820 mRNAs that were dysexpressed in DN. Among them,
Receptor for Activated C Kinase 1 (Rack1)was focused on for
its high fold changes and high values of fragments per kilo-
base million (FPKM) in both two groups (FPKM >100).
Moreover, Rack1 was highly expressed in DN in vivo and
in vitro. Results displayed that the expressions of pro-inflam-
matory cytokines Mcp-1 and Tnf-α were increased when
Rack1 was overexpressed in cells cultured with low glucose
while the expressions of Mcp-1 and Tnf-α were decreased
when Rack1was silenced in cells culturedwith high glucose.
Furthermore, results showed that the establishedDN inflam-
matory factor nuclear factor NF-kappa-B (NF-κB) was regu-
lated by Rack1 via the direct interaction between Rack1 and
NF-κB subunits P50 and P65. In summary, this identified
Rack1 could play an important role in the inflammation of
DN via NF-κB,which can provide new insight for DN research.
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1 Introduction

Diabetic nephropathy (DN) is one of the most serious
complications of diabetes, accounting for about 1/3 of
the number of people with diabetes, which poses a great
threat to human health and is one of the main causes of
end-stage renal disease [1–5]. Studies have shown that
high glucose, high fat, high blood pressure, hemody-
namics, oxidative stress, inflammation and other com-
plex pathogenic factors lead to the accumulation of renal
extracellular matrix (ECM), glomerular hypertrophy, glo-
merulus basement thickening and glomerular sclerosis in
diabetic patients, involved in the development of DN. But
the exact mechanism is still unclear [6,7]. In recent years,
more andmore studies have shown that the inflammatory
response plays an important role in the occurrence and
development of DN. Studies have shown that a contin-
uous high-sugar environment can induce inflammation,
resulting in the excessive production of immune cells and
the secretion of inflammatory factors, which play a cer-
tain role in promoting the occurrence and development of
DN [8–10]. And studies have found that DN patients have
inflammatory cell infiltration and increased expression
levels of various inflammatory mediators. This chronic
inflammatory state plays an important role in the devel-
opment of early DN [11]. At the same time, accumulating
evidence showed that inflammation-related factors play
an important role in DN, including interleukins, adhesion
factors, chemokines, TNF-α, etc. [12]. The study found
that MCP-1, as one of the classic chemokines, recruits
many inflammatory cells to the kidney to aggravate the
inflammatory reaction damage process of the kidney [13];
TNF-α induces cell apoptosis and, at the same time
through cytotoxicity direct damage to the kidneys, they
are important indicators of DN inflammation [14]. There-
fore, the abnormal expression of inflammatory factors
plays an important role in the occurrence and develop-
ment of DN. However, the mechanism involved in inflam-
mation in DN is very complex, and its specific mechanism
needs further study.
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Receptor for Activated C Kinase 1 (Rack1) consists of
317 amino acids with a molecular weight of 36 kDa, and
is a highly homologous (42% identical sequence) with
mammalian G protein β subunit, evolutionarily highly
conserved protein [15], whose coding gene is located in
regions 3, 5 and 3 of the long arm of human chromosome
5, including 7 introns and 8 exons, also known as q5as G
protein β Subunit like 1[guanine nucleotide binding pro-
tein (G protein) subunit β- 2 samples 1, gnb2l1]. As a
highly conserved protein, Rack1 can bind to various
kinases and membrane receptors through its WD40 site
and participate in various signaling pathways including
cAMP/PKA, MAPK, PKC, etc., and in cell growth, differen-
tiation and immune response, Rack1 plays important roles
[16]. Moreover, studies have shown that Rack1 is abnor-
mally expressed in various disease tissues. In the study of
hepatocellular carcinoma, Ruan et al. found that Rack1
localized to the ribosome can promote the expression of
proliferation-related proteins c-Myc and Bcl-2 by combining
with PKCβ protein and participate in the development of
hepatocellular carcinoma [17]. Some scholars have found
that the expression level of Rack1 and cell autophagy
increased in starvation-treated Drosophila [18]. Zhao et al.
[19] found that Rack1 can promote the process of autophagy
by MAPK phosphorylation in liver cells. In addition, studies
have shown that due to the special structure of Rack1, it can
be combined with a variety of signaling proteins and cyto-
kine receptors, and the binding is cell specific, which is
involved in inflammation-related Wnt/β-catenin [20], Akt
[21], STAT3 [22] and other signaling pathway activation
processes, so it plays different functions in different
cells. The above suggests that Rack1 may play a role in
DN inflammation; however, the role and mechanism of
Rack1 in DN inflammation have not been reported.

In this study, we screened 6,820 DN-related mRNAs
by RNA sequencing (RNA-seq) in the renal tissues of db/db
DN mice and normal control mice. Among these, Rack1
was focused on because it was not only reported as a
DN-related factor but also displayed high fold changes
and high values of fragments per kilobase million (FPKM)
in both two groups (FPKM >100) by RNA-seq. Moreover, our
results showed that Rack1 was highly expressed in DN
in vivo and in vitro by quantitative real-time polymerase
chain reaction (qRT-PCR) and western blot, and it could
regulate the expressions of pro-inflammatory cytokines
Mcp-1 and Tnf-α in mesangial cells cultured with high or
low glucose by qRT-PCR and enzyme-linked immunosor-
bent assay (ELISA). Furthermore, the established DN
inflammatory molecule NF-κB was found to be regulated
by Rack1 via the direct interaction between Rack1

and NF-κB subunits p50 (NF-κB1) and p65 (RelA) by
bioinformatic analysis and immunoprecipitation (IP).
Therefore, it suggests that Rack1 may play a role in the
inflammation of DN via targeting NF-κB. The work will
provide the help to search for the key molecule for
the occurrence and development of DN.

2 Materials and methods

2.1 Animals

As an approved genetic model of type 2 DN, C57BL/KsJ
background db/db mice had increased body weight within
4 weeks, hyperglycemia, obvious microalbuminuria and
renal impairment within 8 weeks. Eight-week-old male
db/db mice and homogeneous db/m normal mice were
purchased from NBRI (Nanjing, China). The 12-week-old
mice were killed after the measurement of blood glucose
and 24 h urine albumin excretion rate and they were
divided into two groups: normal group (db/m, n = 6)
and DN group (db/db, n = 6). Kidney samples were col-
lected for RNA-seq and qRT-PCR. All experimental proce-
dures were approved by the Animal Care and Ethical
Committee of Chongqing Medical University. The protocol was
in accordance with institutional guidelines for Laboratory
Animal Research of Chongqing Medical University.

2.2 RNA-seq

RNA-seq was conducted in the renal tissue of three 12-
week-old db/db mice and two 12-week-old db/m mice at
BGI (Shenzhen, China). The application software TopHat
is marked in the UCSC database, and the application soft-
ware Cufflinks comprehensively evaluates the transcript
data and detects the differential expression. When the
system status is “OK” and q < 0.05, the difference is con-
sidered meaningful. The quality of the detected transcript
is represented by the number of sequencing fragments
contained in the sequencing bases per thousand tran-
scripts per million sequencing bases.

The Ensembl BioMart database in the “R” software
installation package bioMart was used to convert the
RefSeq mRNA into its corresponding transcript, protein
and gene information. The sequencing information that
was not converted during the conversion process is removed.
Most of the information in the conversion process is one to
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one in the RefSeq database and Ensembl, but there is also a
few one-to-many information in the RefSeq database and
Ensembl database.

2.3 Construction of overexpression plasmid

TheUCSC databasemouse Rack1 (NM_008143) gene sequence
was used as a reference, and the software Primer 5.0 was
used for primer design. The restriction enzyme sequences
of EcoRV and BamHI were added to the upstream and
downstream of the primer sequence according to the
multiple cloning sites present in the plasmid vector
pcDNA3.1(+). BLAST was used to compare the hetero-
geneity of the designed primers. The total RNA of mouse
kidney tissue was reverse transcribed into cDNA. The rapid
end amplification method was used to obtain the full-
length sequence of Rack1. Two microliters of the amplified
product was subjected to agarose gel electrophoresis. The
sequence is consistent. The samples were double digested
by BamHI and EcoRV at 37°C for 1 h, ligated by DNA T4
ligase at 16°C overnight, transformed into Escherichia coli
DH5α competent cells and taken in LB agarose medium
(containing ampicillin), cultured at 37°C for 12 h. Then, a
single colony was picked and shaken at a 220 rpm shaker
for 12–14 h at 37°C, the plasmid was extracted, PCR was
performed, the samples were double digested and the
sequencing was identified. BLAST sequencing is consistent
with the Rack1 gene of UCSC mice.

2.4 Synthesis of Rack1 siRNA

Themouse Rack1 mRNA sequence (NM_008143) published
by the UCSC database was used, and the software Oligo
was used to design three sequences (siRNAsiRack1-No. 1,
siRack1-No. 2 and siRack1-No. 3). The specific sequences
were as follows: 5′-CCACAAUGGAUGGGUAACATT-3′, 5′-
GUCAUUUCAUCACCAAUUATT-3′ and 5′-GACCACUGGUG
UUUACUAUTT-3′. siRNAs were synthesized by Shanghai
Shengong Biotechnology Co, Ltd (Shanghai, China), and
the interference efficiency was detected by qRT-PCR.

2.5 Cell culture

Immortalized mouse glomerular mesangial cell SV40-
MES13 cell line was purchased from the Cell Bank of
the Chinese Academy of Sciences (Beijing, China).
Then, the cells were cultured with different glucose

concentrations to simulate normal and diabetic patho-
logies at 37°C and 5% CO2 and the dulbecco’s modified
eagle medium (DMEM) containing 20% fetal calf serum
with a glucose concentration of 25mmol/L was considered
as high glucose to simulate the pathological condition of
diabetes; the DMEM concentrationwith a glucose concentra-
tion of 5.5mmol/L with 20% fetal calf serum was considered
low glucose to simulate normal condition. When the degree
of cell fusion reached 80%, cells were digested with 0.25%
trypsin, centrifuged at 800 rpm for 5min and collected for
further usage.

2.6 Cell transfection

Grouped mesangial cells cultured with high and low
sugars. Mesangial cells (MCs) cultured at a low concen-
tration of glucose and mannitol were named L-MC group,
and cells transfected with lipofectamine 3000 +pcDNA3.1
empty plasmid were named L-MC NC group, lipofectamine
3000 +pcDNA3.1-Rack1 transfection. The stained cells
were named L-MC overRack1 group. MCs cultured with a
high concentration of glucose were named H-MC group,
cells transfected with lipofectamine 3000 +siRNA NC were
named H-MC siNC group and cells transfected with lipofec-
tamine 3000 +siRNA Rack1 were named H-MC siRack1
group. Then, we plated the cells according to the growth
status of the cells. After the plating is completed, the
transfected mesangial cells were cultured in high glu-
cose according to the instructions of Lipofectamine™
3000. After 4–6 h of transfection, the mediumwas changed
to the corresponding complete medium, and the cells
were cultured at 37°C and 5% CO2 incubator for 24 h to
collect cells for further operation.

2.7 qRT-PCR

Forty-eight hours after the cells were transfected, the
TRIzol method was used to extract the total RNA of the
cells. According to the instructions of the kit, to extract
the cellular RNA, the RNA was reverse transcribed into
cDNA, and then, a reverse transcription reaction was per-
formed on ice. The cDNA obtained from the reaction was
stored at 4°C for short-term storage and at −20°C for long-
term storage. The primer sequences obtained from the
UCSC database were subjected to qRT-PCR experiments
according to the procedure. Then, the relative expression
of RNA was calculated using β-actin as an internal refer-
ence according to 2−ΔΔCT and duplicate wells were set up
each time to calculate the average value.
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2.8 Western blot

Cells’ density reached 80% and above, RIPA lysate was
mixed with 1% PMSF, and the total protein of mesangial
cells was extracted by grouping on ice. After measuring
the protein concentration, it was stored at 4°C. The gel
was configured according to the reagent configuration
ratio, and the sample was loaded at 50 μg per well. The
quantitative protein was separated and quantified on
10% SDS-PAGE and transferred to a 0.45 μm PVDF mem-
brane. Then, the sample was blocked with a 5% skimmilk
shaker at room temperature for 120 min, incubated the
primary antibody at 4°C with a shaker overnight, washed
the TBST three times at room temperature for 10 min
each, incubated the secondary antibody at room tem-
perature for 120min on a shaker and washed the PVDF
membrane three times with TBST for 10 min each. The
ECL system was used to detect the intensity of the bands
of western blots, and the β-actin antibody was used as a
control. The gray value of protein bands was quantified
by ImageJ software.

2.9 ELISA

The mouse Mcp-1 ELISA kit and mouse Tnf-α ELISA kit
were purchased from BOSTER Biological Technology
Co., Ltd (Wuhan, China), and the tests were performed
according to the manufacturer’s instructions. When the
cell density reached 80%, the cells to be tested were col-
lected in a 10mL sterilized centrifuge tube and the test
medium was diluted according to the instructions. One
hundred microliters of each standard sample of each con-
centration was taken into a row of seven wells, one well
was left with only the dilution as zero wells, 100mL of the
sample to be tested was drawn into the enzyme wells in
sequence and the plate membrane was added and
stood still at 37°C for 90 min. The sealing film was
removed, the liquid was shaken off and gently tapped
on the filter paper, the zero wells were removed, 100 µL
of antibody was added to each well and the sealing film
was added, incubated at 37°C for 60 min and spun dry
twice according to the instructions. After completion,
100 µL of TMB stop solution was added to each well in
the same order as TMB. The OD value was measured
with a 450 nm microplate reader, the standard curve was
calibrated according to the standard, and the concentration

of the sample to be tested was calculated according to the
standard.

2.10 Prediction of Rack1-binding proteins

Genemania [23] was used to predict Rack1-interacting
proteins. The Rack1 was asked for on the website and
the protein that binds to Rack1 was got according to the
interrelationships displayed on the page. The onlinemodel
prediction website Swiss-Model (https://swissmodel.expasy.
org/interactive/) was used to model the homology of Rack1
protein with P50 protein and P65 protein. Then, Rack1
protein, P50 protein and P65 protein were uploaded to
the online docking site ZDOCK Server (http://zdock.
umassmed.edu/) for molecular docking. Moreover, IFACE
was used to calculate the potential energy, structural com-
plementation and static electricity. The score function was
used to rigidly dock the two proteins, and the docking
produces 10 TOP conformations. The TOP1 conformation
was used for graphical analysis. The molecular docking
simulation method was used to analyze the binding mode
of Rack1 protein, P50 protein and P65 protein, PyMOL 2.3.2
was used to display the three-dimensional graph of the
protein-binding mode and Ligplus 2.1 was used to analyze
the protein-binding mode.

2.11 IP

To determine whether Rack1 was associated with P50 and
P65, an IP assay was performed using the IP kit (Biyuntian
Biotechnology Co, Shanghai, China) and the Rack1 and
IgG antibodies (Santa Cruz Biotechnology, USA), following
the manufacturer’s protocol. The total protein of mesan-
gial cells was extracted in groups on ice, and two tubes
of protein samples (200 μL each) were removed to
remove non-specific binding. Fifty microliters of agarose
was added to both test tubes, 1 μg of Rack1 and rabbit IgG
was added for IP and it was shaken slowly at 4°C over-
night. After instantaneous high-speed centrifugation,
the supernatant was aspirated, the PBS was used to
wash the pellet five times and 20 μL of 1× SDS-PAGE
electrophoresis loading buffer was used. The vortex
was added to resuspend the pellet. After processing at
100°C for 5 min, a part of the sample was taken for
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electrophoresis. Subsequent operations were the same
as the western blot.

2.12 Statistical analysis

The software used for data analysis was SPSS 24.0 and
Graphpad8.0. The experimental data were expressed as
mean ± standard deviation (x ± s). Two groups were com-
pared using the t-test, and three groups and above were
compared using a single factor analysis of variance. The
difference was statistically significant at p < 0.05.

3 Results

3.1 Rack1 is highly expressed in DN in vivo
and in vitro

To explore the expression profiles of mRNAs in DN, RNA-
seq was performed in the renal tissue of db/db DN mice

and normal controls. The results showed that 6,820 mRNAs
were dysexpressed in the DN group, including 3,905 up-
expressed and 2,915 down-expressed mRNAs (q-value
<0.05) (Figure 1a). Among these genes, 57 DN-related
genes were found with high fold changes (|fold change|
>1) and high values of FPKM in both groups (FPKM >100)
(Figure 1b). Interestingly, Rack1 was one of them with a
significant increase in the DN group (Figure 1c). To verify
the result of RNA-seq, we detected the expression of Rack1
by qRT-PCR. The result showed that the expression of
Rack1 was significantly increased in the DN group (Figure 1d).
Therefore, it suggests that Rack1 may participate in the
physiology and pathology of DN.

Furthermore, to investigate the function of Rack1 in
mesangial cells, we detected the expression of Rack1
in mesangial cells cultured with high glucose and low
glucose by qRT-PCR and western blot. Our results showed
that the mRNA expression of Rack1 was augmented in the
high-glucose group when compared with that in the low-
glucose group (Figure 2a). Moreover, data showed that
the protein expression of Rack1 in the high-glucose group
was higher than that in the low-glucose group (Figure 2b).
This indicates that Rack1 may play a role in mesangial
cells.

Figure 1: Rack1 was highly expressed in DN in vivo and in vitro. (a) The mRNA was examined by RNA-seq (q < 0.05) in the kidney tissues of
db/db DNmice (n = 3 for 12 weeks) and normal control mice (n = 2 for 12 weeks). A total of 6,820 mRNAs were dysexpressed in the DN group,
including 3,905 up-expressed and 2,915 down-expressed mRNAs (q-value <0.05). (b) Fifty-seven DN-related genes were found with high
fold changes (|fold change| >1) and high values of FPKM in both two groups (FPKM > 100) by RNA-seq. (c) The expression of Rack1 was
significantly increased in renal tissues of the DN mice group compared with that in the normal controls by RNA-seq (**p < 0.01). (d) The
expression of Rack1 was significantly increased in renal tissues of the DN mice group compared with that in the normal controls by qRT-PCR.
The data are representative of three independent experiments (**p < 0.01).
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3.2 Construction of Rack1 overexpression
plasmid and siRNA

To investigate the specific role of Rack1 in DN, we ampli-
fied the full length of Rack1 and cloned its full-length
sequence into a pcDNA3.1 vector to construct a stable
Rack1 over-expression plasmid, Rack1(+). The plasmid
was confirmed by gel electrophoresis and sequencing
after restriction enzyme digestion. Moreover, three siRNAs
(siRack1-No. 1, siRack1-No. 2 and siRack1-No. 3) of Rack1
were commercially synthesized. The efficiencies of Rack1
over-expression and knockdown were detected by qRT-PCR
and western blot. Data showed that Rack1 was significantly
over-expressed in the cells of the L-MC group transfected
with Rack1(+) plasmid and down-expressed in the cells
of the H-MC group transfected with Rack1 siRNAs
(Figure 3a and b). As data showed that the knockdown
effect of siRack1 No. 2 was the best relative to siRack1
No. 1 and No. 3. Thus, we used siRack1No. 2 for the further
experiments, referred to as siRack1 hereafter. The results

indicate that Rack1 over-expression and Rack1 knockdown
were successfully performed.

3.3 Rack1 promotes the expression of
inflammatory factors of DN

As known, inflammation has been considered an impor-
tant link in the process of DN. Then, the expressions of
the pro-inflammatory cytokines Mcp-1 and Tnf-α were
examined by qRT-PCR and ELISA in the mesangial cells
cultured under high glucose and low glucose conditions.
The results of qRT-PCR (Figure 4a and b) and ELISA
(Figure 4c and d) showed that the expressions of Mcp-1
and Tnf-α were significantly higher in the high-glucose
group. However, the levels of MCP-1 and Tnf-α were sig-
nificantly increased when Rack1 was over-expressed in
the low-glucose group, while the expressions of MCP-1
and Tnf-αwere decreased when Rack1 was silenced in the
high-glucose group. Therefore, these data suggest that
Rack1 may regulate inflammation in MCs.

3.4 Rack1 regulates inflammation of DN via
direct interaction with NF-κB

It is known that Rack1 acts as the scaffolding protein and
plays role in diseases by interacting with the related pro-
teins. Therefore, to explore the proteins related to Rack1
in DN, we used bioinformatics methods to find Rack1–protein
interactions. Interestingly, two units of NF-κB (P50 and P65)
were found among these predicted Rack1-related proteins; the
data showed that they are interrelated for their co-expression,
physical interaction, co-localization and other relationships
(Figure 5a). In the study of diabetes nephropathy, NF-κB is
an important inflammatory molecule, and two important con-
stituent subunits of NF-κB have attracted our attention. Data
showed that both P50 and P65 were interact with Rack1. The
results of molecular docking showed that both P50 and P65
interact with Rack1, and there were multiple binding sites.
According to the docking results, we found that the amino
acids Ser276, Arg36, Ser278, Lys280 and Ser279 in the Rack1
protein can bind to the amino acids Tyr60, Phe310, Ala248,
Asn247 and Ala245 in the P50 protein through hydrogen-
bonding interaction, and the amino acid Asp29 in the Rack1
protein and Arg47 can bind to the amino acids Cys76 and
Asp80 in P65 protein through hydrogen-bonding interaction
(Figure 5b and c). Moreover, the result of IP displayed
directly bound to P50 and P65 (Figure 5d). These results
suggest that Rack1 may regulate the well-known

Figure 2: Rack1 was highly expressed in mesangial cells cultured
with high glucose. (a) The expression of Rack1 was significantly
increased in mesangial cells cultured with high glucose compared
with that in cells of the low-glucose group by qRT-PCR. The data are
representative of three independent experiments (**p < 0.01).
(b) The expression of Rack1 was significantly increased in mesangial
cells cultured with high glucose compared with that in cells of the
low-glucose group by western blot.
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inflammation molecule NF-κB by directly binding to P50
and P65 in DN. To verify whether Rack1 regulated inflam-
mation of mesangial cells through modulating the NF-κB
activity, we treated mesangial cells that were transfected
with Rack1 overexpression plasmid or/and specific NF-κB
inhibitor, caffeic acid phenethyl ester (CAPE). Expected
results showed that the inhibitor of NF-kB can recure
that Rack1(+) increased the expression of the inflammatory
factors Tnf-α and Mcp-1 by qRT-PCR and western blot
(Figure 5e and f). These results suggest that NF-κB may
regulate the inflammation molecule of Rack1 in DN.

4 Discussion

DN is a serious diabetic microvascular complication,
which is one of the main causes of end-stage renal dis-
ease. The cause of the disease is complex. It is difficult to
study a single gene thoroughly to clarify its pathogen-
esis. In recent years, with the rise of systems biology
methods and the accumulation of large amounts of
high-throughput data, RNA-seq has been used to find
disease-related genes [24], including DN [25–27], but the
exactly related genes of DN are still unclear. Therefore, in
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Figure 3: Construction of Rack1 overexpression plasmid and siRNA. Rack1 was overexpressed or silenced by Rack1(+) plasmid or Rack1
siRNAs by (a) qRT-PCR and (b) western blot. The result showed that the expression of Rack1 was significantly increased in mesangial cells
transfected with Rack1 overexpression plasmid Rack1(+) in the L-MC group compared with that in cells transfected with empty plasmid
pcDNA3.1 and untreated cells. Moreover, the result showed that the expression of Rack1 was decreased in mesangial cells transfected with
Rack1 siRNAs (No. 2 and No. 3) in the H-MC group compared with that in cells transfected with the siRNA control and untreated cells by qRT-
PCR. Data showed the effect of No. 2 was best. The data are representative of three independent experiments and presented as mean ± SD.
**p < 0.01; *p < 0.05; NS, no significant.

984  Keqian Wu et al.



this study, we screened 6,820 DN-related mRNAs in the
kidney tissues of db/db DN mice and normal control mice
by RNA-seq. Among them, Rack1 showed high fold change
and high FPKM value in both groups (FPKM >100). In

addition, our results showed that through qRT-PCR and
western blot, Rack1 was highly expressed in DN both
in vivo and in vitro, suggesting that Rack1 may be involved
in the physiology and pathology of DN.

Figure 4: Rack1 promotes the expression of inflammatory factors in mesangial cells under high glucose conditions. (a) The expression of
Mcp-1 was regulated by Rack1 by qRT-PCR. The result showed that the expression of Mcp-1 was significantly increased in mesangial cells
transfected with Rack1 overexpression plasmid Rack1(+) in the L-MC group compared with that in cells transfected with empty plasmid
pcDNA3.1 and untreated cells, while the expression of Mcp-1 was decreased in mesangial cells transfected with siRack1 in the H-MC group
compared with that in cells transfected with the siRNA control and untreated cells. The data are representative of three independent
experiments. Data are presented as mean ± SD. **p < 0.01; NS, not significant. (b) The expression of Tnf-α was regulated by Rack1 by qRT-
PCR. The result showed that the expression of Tnf-α was significantly increased in mesangial cells transfected with Rack1 overexpression
plasmid Rack1(+) in the L-MC group compared with that in cells transfected with empty plasmid pcDNA3.1 and untreated cells, while the
expression of Tnf-α was decreased in mesangial cells transfected with siRack1 in the H-MC group compared with that in cells transfected
with the siRNA control and untreated cells. The data are representative of three independent experiments. Data are presented as mean ± SD.
**p < 0.01;, NS, not significant. (c) The expression of Mcp-1 was regulated by Rack1 by ELISA. The result showed that the expression of Mcp-1
was significantly increased in mesangial cells transfected with Rack1 overexpression plasmid Rack1(+) in the L-MC group compared with
that in cells transfected with empty plasmid pcDNA3.1 and untreated cells, while the expression of Mcp-1 was decreased in mesangial cells
transfected with siRack1 in the H-MC group compared with that in cells transfected with the siRNA control and untreated cells. The data are
representative of three independent experiments. Data are presented as mean ± SD. *p < 0.05, **p < 0.01; NS, not significant. (d) The
expression of Tnf-α was regulated by Rack1 by ELISA. The result showed that the expression of Tnf-α was significantly increased in
mesangial cells transfected with Rack1 overexpression plasmid Rack1(+) in the L-MC group compared with that in cells transfected with
empty plasmid pcDNA3.1 and untreated cells, while the expression of Tnf-α was decreased in mesangial cells transfected with siRack1 in the
H-MC group compared with that in cells transfected with the siRNA control and untreated cells. The data are representative of three
independent experiments. Data are presented as mean ± SD. *p < 0.05, **p < 0.01; NS, not significant.
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To study the function and possible mechanism of
Rack1 in DN, we amplified the full length of Rack1 and
cloned its full-length sequence into a pcDNA3.1 vector to
construct a stable Rack1 overexpression plasmid Rack1(+).
After restriction enzyme digestion, the plasmid was con-
firmed by gel electrophoresis and sequencing. In addition,
three siRNAs for Rack1 (siRack1-No. 1, siRack1-No. 2 and
siRack1-No. 3)were commercially synthesized. The efficiency
of Rack1 overexpression and knockdown was detected by
qRT-PCR. The data showed that Rack1 was significantly over-
expressed in the cells of the L-MC group transfected with the
Rack1(+) plasmid, while Rack1 was clearly expressed in the
cells of the H-MC group transfected with Rack1 siRNA. The
results of qRT-PCR showed that H-MC siRNA Rack1 No. 2 had
the best silencing efficiency (p < 0.01), which was used in
subsequent experiments andwas named siRack1. Interestingly,
some scholars have also studied the expression of silenced
genes, and the results show that the constructed plasmids
and synthetic siRNAs are more desirable in biological
applications [28,29], providing broad prospects for biome-
dical research. The above results suggest that Rack1 over-
expression plasmid and Rack1 siRNA were successfully
constructed, which laid the foundation for subsequent
research.

Kidney inflammation has been confirmed to cause
DN and plays an important role in speeding up the pro-
gression of DN [30]. In DN patients, the level of TNF-α
and MCP-1 was closely related to renal injury [31]. Upre-
gulated TNF-α and MCP-1 caused renal tubular epithelial
cells’ dysfunction, podocyte injury, mesangial cell prolif-
eration and oxidative stress and induced mesangial cells,
glomerulus and renal tubular epithelial cells to differ-
entiate into fibroblasts, so as to enhance the production
and deposition of ECM, which further enhances the pro-
gression of DN [32–34]. As known, a large number of

studies have found that increased expression of inflamma-
tory factors in mesangial cells can promote cell prolifera-
tion, mesangial hyperplasia, and accelerate the progression
of DN disease [35–37]. To explore the function of Rack1
in DN inflammation, we used qRT-PCR and ELISA to
identify the effect of Rack1 on inflammation in MCs cul-
tured under high-glucose conditions. Then, the expres-
sions of pro-inflammatory cytokines Mcp-1 and Tnf-α in
MCs cultured under high- and low-glucose conditions
were detected in our study. The results showed that the
expressions of Mcp-1 and Tnf-α in the high-glucose group
were significantly higher. However, when Rack1 was over-
expressed in the low-glucose group, the levels of MCP-1
and Tnf-α were increased significantly, while when Rack1
was silenced in the high-glucose group, the expression of
MCP-1 and Tnf-α was decreased. Therefore, these data
suggest that Rack1 may regulate the inflammation of
MCs. At the same time, studies have shown that Rack1 is
wideteracted with Rack1 and there were multiple binding
sites. According to the docking results, we found that
the amino acids Ser276, Arg36, Ser278 and Lys280 are
mainly involved in inflammation-related diseases [38–40],
suggesting that Rack1 is involved in the occurrence and
development of inflammation and is an inflammation-
related factor. In summary, it suggests that Rack1 may
regulate MC inflammation and promote the expression of
DN inflammatory factors.

To further explore the mechanism of Rack1 in DN
inflammation, we used bioinformatics methods to screen
Rack1-interacting proteins. Our data indicated that many
proteins were considered to be Rack1-binding proteins.
Interestingly, the NF-κB subunits p50 and p65 were
directly related to Rack1. The data showed that they are
interrelated for their co-expression (17.38%), physical
interaction (64.66%), co-localization (3.22%) and other

Figure 5: Rack1-regulated inflammation of DN via direct interacting with NF-κB. (a) Predicted Rack1 protein interaction through bioinfor-
matics. Lines indicated possible interaction mechanisms (line color: pink lines indicated physical interactions, indicating that they were
related to each other, purple lines indicated co-expression, indicating that gene expression levels were similar and are interrelated, and
yellow lines indicated predicted gene). The functional relationship between the circles indicated the degree of correlation. The larger the
circle was, the higher the degree of correlation was. (b) PyMOL 2.3.2 was used to display the binding pattern of Rack1 protein and P50
protein in three dimensions, and Ligplus 2.1 was used to analyze the binding pattern. Amino acid residue binding: pink indicated p50 and
red indicated Rack1. The result showed that P50 was a predicted binding protein of Rack1. (c) PyMOL 2.3.2 was used to display the binding
pattern of Rack1 protein and P65 protein in three dimensions, and Ligplus 2.1 was used to analyze the binding pattern. The result showed
that P65 was a predicted binding protein of Rack1. Amino acid residue binding: pink indicated p65 and red indicated Rack1. (d) The
combination of Rack1 and p50 by IP and quantitative analysis. The result showed that P50 was directly bound to Rack1. The data are
representative of three independent experiments. Data are presented as mean ± SD. *p < 0.05. And the combination of Rack1 and p65 by IP
and quantitative analysis. The result showed that P65 was directly bound to Rack1. (e and f) Mesangial cells were transfected with Rack1
overexpression plasmid Rack1or/and NF-kB inhibitor (CAPE) in the L-MC group. Expression of Mcp-1 and Tnf-α were determined by qRT-PCR
(e) and western blot (f). These results showed that the inhibitor of NF-kB can recur that Rack1(+) increased the expression of the
inflammatory factors Tnf-α and Mcp-1. The data are representative of three independent experiments. Data are presented as mean ± SD.
*p < 0.05.
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relationships. Interestingly, we found through further
research that both P50 and P65 and Ser279 in the Rack1
protein could bind to the amino acids Tyr60, Phe310,
Ala248, Asn247 and Ala245 in the P50 protein through
hydrogen-bonding interaction and the amino acid Asp29
in the Rack1 protein. With Arg47, it could bind to the
amino acids Cys76 and Asp80 in P65 protein through
hydrogen-bonding interaction. In addition, the IP results
indicated that Rack1 was bound to both p50 and p65.
Therefore, these results indicate that Rack1 may promote
the development of DN by interacting with NF-κB subunits
p50 and p65.

NF-κB is a widely existing protein molecule with
multidirectional regulation, which plays an important
role in the process of cell signal transmission and gene
expression induction [41,42]. NF-κB, as a transcription
factor of the Rel protein family, includes five subunits
of p50 (NF-κB1), p65 (RelA), p52 (NF-κB2), RelB and c-
Rel in mammals. There is a Rel homology region (Rel
homelogymain, RHD), which can form heterologous or
homodimers and participate in the inflammatory response,
body immunity, cell differentiation and other processes.
Among them, the dimer composed of p50 and p65 is the
earliest NF-κB. Studies have shown that changes in the
related regulatory pathways caused by the activation of
NF-κB lead to the occurrence of inflammation and nuclear
translocation [43]. As we all know, in hyperglycemia, the
activation of NF-κB has been regarded as a key step in the
pathogenesis of DN [10]. At the same time, the previous
study of the research group found that the activation of
NF-κB in mesangial cells cultured in vitro can promote the
secretion of pro-inflammatory factors, accelerate the pro-
liferation of mesangial cells and further cause the progres-
sion of DN [44]. The above suggests that NF-κB may play
an important role in the inflammation of DN mesangial
cells. In addition, studies have shown that a high glucose
environment can induce the activation of NF-κB [45,46]
and promote the expression of inflammation-related fac-
tors Tnf-α, Mcp-1, etc. Combined this with our results, it
suggests that Rack1 may participate in DN inflammation
via targeting NF-κB.

5 Conclusion

In summary, the present study identified the expression
profiles of mRNAs in DN. Moreover, our results revealed
that Rack1 may play a critical role in the inflammation of
mesangial cells in DN. Furthermore, we demonstrated
that Rack1 can directly interact with NF-κB subunits. In

addition, we found that Rack1 could regulate the NF-κB
expression in DN. Therefore, the modulation of Rack1
may provide an intriguing approach for tackling inflam-
mation of renal mesangial cells in DN. It may provide a
reliable theoretical and experimental basis for the ela-
boration of the pathogenesis of DN.
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