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Kidney-targeted baicalin-lysozyme ®
conjugate ameliorates renal fibrosis in rats
with diabetic nephropathy induced by
streptozotocin
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Abstract

Background: Diabetic nephropathy (DN) is one of the most common and serious complications of diabetes, and is
the most important cause of death for diabetic patients. Baicalin (BAl) has anti-oxidative, anti-inflammatory and anti-
apoptotic activities, which play a role in attenuating insulin resistance and protecting the kidney. Moreover, cell-
specific targeting of renal tubular cells is an approach to enhance drug accumulation in the kidney.

Methods: Forty-five Sprague-Dawley rats were divided into four groups. A diabetes model was created using
streptozotocin (STZ) intraperitoneally injection. The four groups included: Control group (n = 10), DN (n = 15), BAI
treatment (BAl; n=10) and BAI-LZM treatment (BAI-LZM; n =10) groups. In the current study, the renoprotection
and anti-fibrotic effects of BAI-lysozyme (LZM) conjugate were further investigated in rats with DN induced by STZ
compared with BAI treatment alone.

Results: The results suggest that BAI-LZM better ameliorates renal impairment, metabolic disorder and renal fibrosis
than BAI alone in rats with DN, and the potential regulatory mechanism likely involves inhibiting inflammation via
the nuclear factor-kB signaling pathway, inhibiting extracellular matrix accumulation via the transforming growth
factor-B/Smad3 pathway and regulating cell proliferation via the insulin-like growth factor (IGF)-1/IGF-1 receptor/
p38 Mitogen-activated protein kinase (MAPK) pathway. BAI and the kidney-targeted BAI-LZM can utilize the body’s
cytoprotective pathways to reactivate autophagy (as indicated by the autophagy markers mechanistic target of
rapamycin and sirtuin 1 to ameliorate DN outcomes.

Conclusions: Our data support the traditional use of S. baicalensis as an important anti-DN traditional chinese
medicine (TCM), and BAI, above all BAI-LZM, is a promising source for the identification of molecules with anti-DN
effects.
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Background

Diabetes mellitus (DM) is a life-long metabolic disease
with high morbidity and mortality, which reduces the
patients’ quality of life due to acute and chronic compli-
cations [1, 2]. Diabetic nephropathy (DN), a kind of
complications of diabetes, is the most common and ser-
ious, eventually leads to end-stage renal disease (ESRD)
[3]. It is the most important cause of death for diabetic
patients. Since the progression of ESRD is irreversible, it
is necessary to explore the pathogenesis of DN to
identify effective methods of prevention and control
However, there are no effective therapies for patients
with DN [4, 5].

The precise pathogenesis of DN is not yet fully under-
stood. It is considered that inflammation, oxidative stress
response and fibrosis were promoted by uncontrolled
hyperglycemia. Certain factors initiate cellular signaling
pathways that lead to apoptosis, accumulation of extra-
cellular matrix (ECM) [6], thickening of glomerular and
tubular basement membranes, and expansion of ECM
and glomerular mesangial matrix [7], thus contributing
to renal fibrosis and dysfunction [8]. Although the rela-
tive importance of each individual factor in the patho-
genesis of the disease is not clear, nuclear factor (NF)-kB
is the most important inflammatory factor in the patho-
genesis of DN [9]. NF-kB activation is associated with
inflammatory response in patients with DN, which could
be a trigger for disease progression [10]. Activated NF-
KB is translocated from the cytoplasm to the nucleus,
and then induces the expression of its target genes, in-
cluding transforming growth factor-f1 (TGF-B1), which
is important pro-inflammatory cytokines in DN
progression [11-14]. Moreover, TGF-f1 promoted the
development of DN by regulating glomerular and tubu-
lointerstitial fibrosis depended on phosphorylation and
activation of Smad2 and Smad3, as well as the canonical
signaling pathway [15, 16]. A large number of evidence
indicates that the activation of the signal transduction
pathway of the three important members of the MAPK
family, namely p38 MAPK, JNK and ERK, is closely as-
sociated with the development of DN, particularly the
p38 Mitogen-activated protein kinase (MAPK) signal
transduction pathway, which is activated in DN and
may promote the occurrence and development of DN
by affecting the formation of ECM, apoptosis and cy-
tokines [17].

Traditional Chinese Medicine (TCM), as an effective
and safe therapeutic option, has been widely used to
treat and control diabetes and its complications such as
DN in numerous studies, and may provide insights into
the mechanism of DN and constitute a beneficial supple-
ment to drug therapy for DN [18-20].

Scutellaria baicalensis Georgi (S. baicalensis) has been
widely used historically to treat DM [21, 22]. A main
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bioactive component of S. baicalensis named baicalin
(BAI) has anti-oxidative, anti-inflammatory and anti-
apoptotic activities [23—25]. In addition, it attenuates in-
sulin resistance and diabetes-associated cognitive deficits
[26]. Moreover, renal tubular can be used a cell-specific
targeting to enhance drug accumulation in the kidney.
To be mentioned, just low-molecular weight proteins
can rapidly filtered and extensively accumulated in prox-
imal tubular cells. Therefore, lysozyme (LZM, 14 kDa),
as a specific carrier of renal tubular cells, have been ex-
tensively used for drug delivery [27, 28].

In the current study, the renoprotective and anti-
fibrotic effects of BAI-LZM conjugate were further in-
vestigated in rats with DN induced by streptozotocin
(STZ) compared with BAI treatment. The multi-target
mechanism of BAI-LZM in vivo was also investigated,
which may offer potential treatments for DN.

Methods

Chemicals and BAI-LZM preparation

BAI (purity, 295%) was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (cat no. CAS#21967—
41-9). BAI was prepared in a 0.05% CMC-Na aqueous
solution. LZM was purchased from Sigma-Aldrich
(Merck KGaA; cat. no. L6876). BAI-LZM was designed
and prepared in our laboratory. LZM was accurately
weighed at 0.1001 g, and then dissolved in 5ml borate
buffer (0.1 mol/l, pH 7.99). BAI (0.0501 g), 1-(3-dimethy-
laminopropyl)-3-ethylcarbodiimide (EDC)-HCI (0.1000 g)
and 1-hydroxybenzotriazole (HOBT; 0.0501 g) were ex-
tracted, dispersed in 2.2 ml acetonitrile, quickly stirred
and uniformly mixed. The mixed liquid was added to
LZM-borate buffer, quickly mixed, reacted at 0 °C for 18
h and then filtered. The filtered solution was purified by
glucan gel G™2° (Shanghai Fusheng Industrial Co., Ltd.)
to remove the unreacted BAI Finally, the solution was
freeze-dried, and the resulting yellow powder was stored
at low temperature.

Characterization of BAI-LZM

Ultraviolet (UV)-visible absorption spectroscopy

LZM, BAI and BAI-LZM were dissolved in methanol to
prepare a 1 mg/ml solution, which was placed in a spe-
cial cuvette for UV-visible absorption spectroscopy.

Infrared spectrum

The combination of LZM, BAI and BAI-LZM was mixed
with a KBr crystal at ratios ranging from 1:100 to 1:200,
and finally pressed into a transparent sheet for infrared
spectroscopy.

Animal studies
All animal procedures were conducted in compliance
with the Regulations for the Administration of Affairs
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Concerning Experimental Animals (1988.11.1), and hu-
manely treated. The protocol was approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of
Taizhou University for the use of laboratory animals
(Permit Number: 2007000542390). A total of 45 male
adult SD rats (180-200 g, SPF grade) were obtained from
the Laboratory Animal Center of Harbin Medical Uni-
versity. The rats were housed in plastic cages with wood
shavings as cushions and maintained in a 12-h light/12-
h dark cycle at 24+ 1 °C and 55 + 10% humidity. All ani-
mals had ad libitum access to tap water and a high-fat
and sugar diet (HFSD). The rats were marked 7 days
after acclimating to the facilities. DN was induced by
feeding HFSD and administering STZ (Sigma-Aldrich;
KGaA) intraperitoneally to the rats. A total of 10 rats
were randomly selected and designated as the control
group, and the remaining rats were intraperitoneally ad-
ministered 65 mg/kg STZ in a 0.1 mol/l sodium citrate
solution (pH4.50) [29]. Diabetes was confirmed by
measuring fasting blood glucose 72 h after STZ adminis-
tration. Animals with a fasting blood glucose concentra-
tion > 16.7 mmol/l were considered diabetic and were
selected as model rats for further experiments in our
study. The diabetic rats were then further separated into
DN (n = 15), BAI treatment (BAIL; # =10) and BAI-LZM
treatment (BAI-LZM; n=10) groups. Rats in the BAI
and BAI-LZM groups were intragastrically administered
160 mg/kg/day BAI or BAI-LZM for 8 weeks. Animals
were anaesthetized by isoflurane (4-5% for induction;
2—3% for maintenance, 0.6—0.8 L/min) in a mixture of
0.25% air and 0.5% O2; and their kidneys harvested.
Blood was collected via intracardiac puncture and serum
samples were stored at — 80 °C until used for biochem-
ical measurement.

Attach: The procedures of making a high fat and sugar
diet: (1) Smash the basic diet into powder; (2) Wash the
fat in the water and cut it into small pieces. Put the
pieces in a pot, add a little water, boil over high heat
until lard has been rendered, turn to low heat, keep
whisking, cook until the fat is browned, strain out the
unmelted residue and then put the lard in a beaker; (3)
Boil the eggs and yolk of eggs were separated; (4) Mix
the basic diet, sugar, lard and egg yolk in the proportion
of 59:20:18:3, mix them evenly, knead them into small
cylinders and dry them on tin foil.

Biochemical analysis

Blood samples were collected in every rat rat and serum
was separated by centrifugation at 4°C for 15 min at
3000 rpm. Biochemical parameters (blood urea nitrogen
(BUN) and creatinine (Cr) were estimated using an auto-
matic analyzer. At weeks 4 and 8, 24-h urine samples
were collected from the animals, which had been fasting
for 12h in the metabolism cages the day before the
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experiment. Coomassie brilliant blue was used to deter-
mine the urine protein using a Bradford Protein Assay
Kit (Jiancheng Biotech, Nanjing, China). The triglyceride
(TG), the cholesterol (TC) and malondialdehyde (MDA)
levels were measured in the supernatant of the kidney
homogenate using kits (Jiancheng Biotech, Nanjing,
China) according to the manufacturer’s instructions.

Hydroxyproline levels assay

Kidney hydroxyproline content was measured by the
alkaline hydrolysis method with a hydroxyproline detec-
tion kit (Jiancheng Biotech, Nanjing, China). Approxi-
mately 50 mg kidney tissue was mixed with HCI, and 1
ml alkaline hydrolysates were incubated at 120 °C over-
night. Then, the hydrolysates were neutralized, mixed
with chloramine T solution and oxidized for 20 min at
room temperature. The oxidized product reacted with p-
dimethylaminobenzaldehyde in an ethanol and H,SO,
solution at 60 °C for ~ 25 min, and the resulting chromo-
phore was quantified spectrophotometrically at 550 nm
according to a standard curve of known hydroxyproline
concentrations.

Histological examination of the kidney

A portion of the extracted kidney tissue was immediately
fixed in PBS mixed with 4% paraformaldehyde and em-
bedded in paraffin. The sections (4um in thickness)
were stained with hematoxylin and eosin (H&E), peri-
odic acid-Schiff (PAS) or Masson’s trichrome (MT) stain
by standard procedures (Beijing Solarbio Science &
Technology Co., Ltd.). Histological analysis was per-
formed using a light microscope (DM4000B photomi-
croscope; Leica Microsystems, Inc.).

Immunohistochemical (IHC) staining

After de-paraffinization, the sections were incubated
with a 3% H,O, solution to block endogenous peroxi-
dases. Antigen retrieval was carried out using 0.1 M
sodium citrate (pH 6.0) for 60 min. Sections were incu-
bated with anti-a-SMA (1:100; BIOSS), anti-desmin (1:
100; Abcam), anti-TGF-p1 (1:100; Santa Cruz
Biotechnology, Inc.), anti-NF-kB p65 (1:100; Affinity
Biosciences) or anti-SREBP-1 (1:100; Santa Cruz
Biotechnology, Inc.) antibodies overnight at 4°C, and a
horseradish peroxidase-conjugated secondary antibody
and diaminobenzidine substrate were added sequentially.
Following hematoxylin counterstaining and dehydration,
the sections were mounted and observed under a Leica
DM4000B photomicroscope (Leica Microsystems, Inc.).

PAS staining

The sections were placed on glass slides, de-paraffinized,
stained with PAS and dehydrated with absolute alcohol.
The stained tissue sections were observed using an
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optical microscope (Leica Microsystems, Inc.), and im-
ages of each section were obtained.

MT staining

The sections were placed on glass slides, de-paraffinized
and stained with MT stain for visualization of collagen
fibers via light microscopy. The stained tissue sections
were examined using an optical microscope (Leica
Microsystems, Inc.) and images were obtained for each
section.

Immunofluorescence (IF) studies

Kidney sections were subjected to signal-direct IF stain-
ing of TGF-P1 (1:5; Santa Cruz Biotechnology, Inc.) or
NE-kB p65 (1:100; Affinity Biosciences), followed by in-
cubation with Alexa Flour 488-conjugated secondary
antibodies (OriGene Technologies, Inc.). Nuclei were
counterstained with Hoechst (Invitrogen; Thermo Fisher
Scientific, Inc.). All sections were scanned, and images
were acquired with a laser scanning confocal microscope
(FV1000; Olympus Corporation).

Western blot analysis

Protein samples were subjected to 8 or 10% SDS-PAGE.
Proteins were next transferred to polyvinylidene difluor-
ide (PVDF) membranes (EMD Millipore). After blocking
in 5% nonfat dry milk, membranes were incubated with
primary antibodies against Fibronetin (FN), E-cadherin,
collagen I, SREBP-1 and Smad2/3 (1:500; Wanleibio Co.,
Ltd.); insulin-like growth factor (IGF)-1 receptor (IGF-
1R) and caspase-9 (1:1000; Abcam); desmin (1:500;
Abcam); phosphorylated (p)-NF-xB p65 and interleukin
(IL)-6 (1:500; BIOSS); a-SMA (1:3500; BIOSS); TGF-B1
and p-Smad2/3 (1:500; Santa Cruz Biotechnology, Inc.);
NE-kB p65 (1:500; Affinity Biosciences); IL-1f, p38 and
p-p38 (1:500; CST Biological Reagents Co., Ltd.);
caspase-3, mechanistic target of rapamycin (mTOR),
Smad4, B-actin and GAPDH (1:500; CST Biological Re-
agents Co., Ltd.); and sirtuin 1 (SIRT1) (1:1000; ABclonal
Biotech Co., Ltd.) overnight. Horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G (IgG) and
anti-mouse IgG (1:7000; CST Biological Reagents Co.,
Ltd) were used as secondary antibodies. The PVDF
membranes were developed using Image-Pro Plus sys-
tem (Tanon-2005Muti, Shanghai).

Statistical analysis

Data were represented as the mean + standard deviation
and analyzed using a one-way analysis of variance or a
two-tailed unpaired Student’s t test. P-values were ad-
justed for multiple comparisons using the Bonferroni
correction. Analyses were performed using GraphPad
Prism version 7 (GraphPad Software, Inc.). P < 0.05 was
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considered to indicate a

difference.

statistically ~ significant

Results

Biosynthesis and identification of BAI-LZM

Reaction principle of BAI-LZM

The mechanism (Fig. 1a) suggested that EDC and HOBT
reacted with an acid first, and then attacked with amine
to produce the final product phthalamine. The results
showed that it was better to incubate EDC and HOBT
for a period of time before adding LZM. EDC was se-
lected as a water-soluble dehydrating agent in the syn-
thesis process, which satisfied he mild reaction
conditions of LZM as a protein and simplified the subse-
quent process. HOBT was used as an auxiliary nucleo-
philic reagent in the synthesis process. It first reacted
with a carboxylic acid in the drug molecules to produce
an active lipid and then reacted with LZM, which im-
proved the reaction rate and increased the yield.

UV-visible absorption spectrum of BAI-LZM

Figure 1b represents the UV-visible absorption spectrum
of BAI-LZM synthesized by low temperature stirring.
The methanol solution of BAI-LZM exhibited two
strong absorption peaks in the region of 240-400 nm,
namely at 267 and 303 nm, and the shape of the absorp-
tion peaks was approximately the same as that of BAIL
which could correspond to the parent structure of flavo-
noids in the conjugate. However, the absorption wave-
lengths of the two strong peaks became shorter and blue
shifted compared with BAIL This may be due to the
working together of BAI and LZM influences the struc-
tural electron of BAI transfer from m to m* or n to m*.
The absorption intensity of BAI at 276 nm was weaker
due to the influence of the electronic transitions from m
to m and from n to m in the BAI structure, which was
consistent with the absorption band caused by the n-to-
n transition of LZM at 277 nm. Therefore, the structure
of BAI-LZM synthesized in the present study was con-
sistent with the functional groups in the structure of
BAI and LZM, and demonstrated that BAI-LZM could
be prepared according to the protocol used in the
present study.

Characterization of BAI-LZM by infrared spectroscopy

As shown in Fig. 1c, LZM had a wide and strong absorp-
tion band of -OH (polyassociated alcohol or phenol) in
the range of 3500-3000 cm™ ", and the absorption peak
near 1500 cm™ ' is the vibration of the benzene ring skel-
eton. Sharp peaks of BAI appeared in the range of
3500—-3000 cm™ !, which was produced by the stretching
vibration of the free -OH. The multi-peak near 3000
cm™ ' was produced by the C-H stretching vibration of
the benzene ring, and the overtone peaks at 2000—1600
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cm™ ' mainly referred to different substitution types of
aromatic rings. In the present study, BAI-LZM was syn-
thesized by chemical methods and characterized by in-
frared spectroscopy. The broad and strong absorption
bands in the range of 3500-3000 cm™ ' were caused by
the stretching vibration of associated alcohols or phen-
olic hydroxyl groups; the absorption peak at 1715cm™*
was caused by C=O stretching vibration; and the group
frequency peaks near 1000cm™' were C-H in-plane
bending vibrations. By detecting and comparing the in-
frared spectra of BAI, LZM and the synthesized BAI-
LZM, it was concluded that the structure of BAI-LZM
prepared in our study was identical to the functional
groups in the structure of BAI and LZM, and contained
C=0, indicating that the method used in the present
study was suitable to prepare BAI-LZM.

Kidney-targeted BAI-LZM alleviates renal impairment in rats
with DN

The present study further examined whether BAI and
BAI-LZM improved histopathological changes or inhib-
ited ECM accumulation and fibrosis in renal tissues. The
efficacies of BAI-LZM on histopathological changes in
renal tissues are shown in Fig. 2. H&E staining revealed
that there were no obvious renal morphological changes
in the control group, whereas significant degeneration
and fibrosis were observed in the model group, and this
condition was partially ameliorated by BAI and BAI-
LZM treatment. Furthermore, histological evaluation re-
vealed that diabetic kidneys exhibited increased PAS
positivity in the glomerulus. By contrast, treatment with
BAI and BAI-LZM reduced PAS-positive staining in the
glomerulus of SD rats (P<0.01). MT staining showed an
increase in the deposition of collagen fibrils in the glom-
erulus of diabetic rats. However, administration of BAI
and BAI-LZM diminished the deposition of collagen fi-
brils in the glomerulus while reducing the intensity of
staining (P<0.01). The effects of BAI-LZM on glomerular

collagen deposition were obviously improved compared
with those in the BAI treatment group (Fig. 2, P<0.05).

In addition, the serum Cr (Scr), urine protein and
BUN contents of rats treated with BAI and BAI-LZM
were further investigated to evaluate renal function. As
shown in Table 1, the Scr, BUN and total urinary pro-
tein contents were notably increased in the model group
compared with those in the control group, and this con-
dition was effectively alleviated by BAI and BAI-LZM
treatment. Specifically, the BAI-LZM treatment group
showed better therapeutic effects compared with those
caused by BAI treatment (Table 1).

Effect of the kidney-targeted BAI-LZM on metabolic disorder
in rats with DN

The fasting blood glucose (FBG), body weight, and insulin,
TG, TC and MDA levels were further studied to reveal
the effects of BAI-LZM on metabolic disorder in diabetic
rats. As shown in Fig. 3, the FBG and body weight of BAI
and BAI-LZM-treated rats were slightly different from
those of the model group, but it was not statistically sig-
nificant (P>0.05). Although the serum insulin levels in the
BAI and BAI-LZM treatment groups were obviously in-
creased compared with those in the model group (P<
0.01), they were still below the normal levels. The levels of
TC, TG and MDA were remarkably ameliorated by BAI
and BAI-LZM treatment. Specifically, the BAI-LZM treat-
ment group showed better therapeutic effects compared
with those of the BAI treatment group (Table 2).

Kidney-targeted BAI-LZM alleviates renal fibrosis in rats
with DN

The endothelial-to-mesenchymal transition (EMT) is the
core process of progression of renal fibrosis. The epithe-
lial marker E-cadherin, the mesenchymal marker a-SMA
and the podocyte injury marker desmin were examined
to assess EMT. IHC and western blot analyses revealed
that BAI and BAI-LZM treatment significantly decreased
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the expression levels of a-SMA and desmin (P < 0.001)
(Fig. 4a and b), and reversed the increased expression
level of E-cadherin (P<0.01) (Fig. 4b) compared with
rats with DN; however, it did not reach the level of the
control group. In addition, hydroxyproline (HYP) were
used as a measure of the collagen deposited in nephritic
tissues and fibrosis. The expression level of HYP in

nephritic tissues was detected by alkaline hydrolysis. As
shown in Fig. 3c, BAI and BAI-LZM treatment obviously
downregulated the expression of HYP in nephritic tis-
sues compared with that in the model group (P<0.01).
Specifically, the BAI-LZM treatment group showed bet-
ter regulation effects compared with those caused by
BAI treatment. These findings suggested that STZ-



Zheng et al. BMC Nephrology (2020) 21:174 Page 7 of 17

Table 1 Effect of baicalin-lysozyme on renal function (blood urea nitrogen, serum creatinine and UPr) in rats with diabetic
nephropathy

Group N BUN(mmol/L) Scr(umol/L) UPr(mg/24h) UPr(mg/24h)
4 weeks 8 weeks

Control 10 8014092 24514324 851+4.31 852+4.36

DN 15 16974363 5258+233" 309841266 435341251

DN/B 10 12.73+067" 4377+1.73" 21194896 19.01+9.91%

DN/B+L 10 1081+0.61##5 321144645 1566+10.36* 17.862+6.21%

Data are presented as the mean + standard deviation P < 0.01 vs. the control group. *P < 0.05, #P < 0.01 vs. the DN group. **P < 0.01 vs. the control group

induced DN was accompanied by downregulation of E-
cadherin and upregulation of a-SMA. Furthermore, BAI,
especially BAI-LZM may partially reverse the alteration
in the levels of these proteins, indicating that BAI and
BAI-LZM inhibit EMT in kidney tissues.

Kidney-targeted BAI-LZM inhibits inflammation via the NF-
KB signaling pathway in rats with DN
In order to determine the underlying mechanisms by

inflammation, the protein expression levels of NF-kB, p-
NE-kB p65, IL-1f, IL-6 and mTOR in diabetic kidney
tissues were assessed using IF, IHC and western blot
analyses. As shown in Fig. 5a and b, the relative fluores-
cence intensity and expression of NF-kB p65 increased
in the renal tissues of rats with DN compared with those
in the control group. By contrast, BAI and BAI-LZM
treatment gradually decreased the relative fluorescence
intensity and expression of NF-kB p65. Additionally, the

which BAI-LZM inhibits renal fibrosis and decreases expression level of NF-kB p65 protein in the BAI group
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Table 2 Effect of baicalin-lysozyme on metabolic disorder (triglyceride, cholesterol, and malondialdehyde) in rats with diabetic

nephropathy

Group N TG(umol/g of protein) TC(umol/g of protein) MDA(nmol/mg of protein)
Control 10 114.13+36.17 85.1425.57 2754067

DN 15 11256415447 1544.25+540.13"" 12112242

DN/B 10 3534248187 391.24+48 03" 578+074" "

DN/B-+L 10 203.68+62.34"" 308446169 3464049

Data are presented as the mean + standard deviation “'P < 0.01 vs. the control group. P < 0.05, #P < 0.01 vs. the DN group. 5P < 0.01 vs. the control group

was not significantly different from that in the BAI-LZM
group.

NF-kB is involved in the regulation of numerous pro-
inflammatory cytokines, including IL-1p and IL-6. With
the application of STZ, enhanced levels of pro-
inflammatory cytokines were evident in nephritic tissues,
but were reduced with BAI and BAI-LZM treatment
(Fig. 5¢).

Kidney-targeted BAI-LZM inhibits ECM accumulation via the
TGF-B1/Smad3 pathway in rats with DN

Previous studies revealed that the production of colla-
gen, a major component of ECM, occurred in glucose-
exposed renal mesangial cells, and collagen fibers were
highly accumulated in the PAS-positive glomerulus of
diabetic rats. IF (Fig. 6a) and IHC (Fig. 6b) analyses
showed that upon application of STZ, the level of TGF-
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B1 was evidently high in nephritic tissues, but it was re-
duced with BAI and BAI-LZM treatment. Moreover,
BAI-LZM treatment showed better efficacy in downreg-
ulating the expression of TGF-P1. In addition, the ex-
pression of Smad2/3/4, FN and collagen 1 (COL 1)
proteins were detected in nephritic tissues of rats with

DN. As shown in Fig. 6¢, with the application of STZ, a
reduced level of p-Smad2/3 was evident in nephritic tis-
sues, but it increased with BAI and BAI-LZM treatment.
However, the expression levels of Smad4, FN and COL 1
had the opposite trend, and with the application of STZ,
the level of Smad4 protein was evident in nephritic
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tissue, but it was reduced with BAI and BAI-LZM treat-
ment (Fig. 6¢).

SREBPs are the most extensively studied transcription
factors in lipid homeostasis, but previous studies also
suggest an additional important role in matrix regula-
tion. SREBP-1 is an important Smad3 coregulator, which
can be activated by TGF-B1; interacts with Smad3 and

CBP after being acetylated; and is necessary for Smad3-
mediated signaling. Thus, the present study detected the
expression of SREBP-1 in nephritic tissues by IHC and
western blot analyses. As shown in Fig. 6d, with the ap-
plication of STZ, an enhanced level of SREBP-1 was evi-
dent in nephritic tissues, but it was reduced with BAI
and BAI-LZM treatment. Additionally, no significant
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difference was identified between the protein expression
levels of SREBP-1 in the BAI group and those in the
BAI-LZM group.

Kidney-targeted BAI-LZM regulates cell proliferation via the
IGF-1/IGF-1R/p38 MAPK signaling pathway

As shown in Fig. 7, with the application of STZ, the ex-
pression of IGF-1R exhibited a rising trend in the model
group compared with that in the normal control group,
while BAI/BAI-LZM treatment decreased the expression
of IGF-1R. In addition, enhanced levels of p-p38 MAPK,
caspase-3 and caspase-9 were evident in nephritic tissues
of model rats, but decreased with BAI and BAI-LZM
treatment. Additionally, obvious differences were identi-
fied between the protein expression levels of p-p38
MAPK, caspase-3 and caspase-9 in the BAI group vs. the
BAI-LZM group.

Kidney-targeted BAI-LZM plays a role in nephroprotection,
which is associated with mTOR and SIRT1

Enhance the body’s cytoprotective pathways is an alter-
native approach for DN treatment. Thus, instead of
blocking disease-driving molecules, it may be more effi-
cient to focus on those agents that can mobilize the in-
nate molecular defenses. Such approaches may be able
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to circumvent the damaging effects of glucotoxicity. As
shown in Fig. 8a and b, compared with those in the DN
group, with the treatment of BAI and BAI-LZM, en-
hanced level of SIRT1 and decreased level of mTOR
were evident in nephritic tissues. Additionally, obvious
differences were identified between the protein expres-
sion levels of SIRT1 and mTOR in the BAI group vs.
those in the BAI-LZM group.

Discussion

DN has always been recognized as ESRD all over the
world, which may be attributed to severe hyperglycemia
[30]. Researches already evaluated the various treatments
and therapeutic targets, which ameliorating renal fibro-
sis, including drugs, endocrine hormones, complement
systems and miRNAs [8, 31-33]. However, these
methods have different disadvantages, which hinder the
efficacy of the clinical application. Therefore, there is a
pressing need for safe and efficient strategies to prevent
renal fibrosis. The present study investigated the anti-
fibrotic effects and potential mechanisms of BAI and
BAI-LZM in a rat model of STZ-induced renal fibrosis
in vivo. The results revealed that BAI and BAI-LZM
could obviously ameliorate renal fibrosis, and the anti-
fibrotic efficacy of BAI-LZM treatment was better than
that of BAI treatment. Potential regulatory mechanisms
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of BAI and BAI-LZM are associated with downregula-
tion of inflammation via the NF-kB pathway; ECM accu-
mulation via the TGF-Bf1/Smad3 pathway; cell apoptosis
via the IGF-1/IGF-1R/p38 MAPK pathway; and upregu-
lation of nephroprotection via the mTOR and SIRT1
genes. Recent studies have focused on enhancing cellular
defenses to treat DN as an alternative approach, which
could use agents to awake the body’s cytoprotective
pathways. Notably, the mTOR and SIRT1 genes are the
potential targets of this intricate cellular defense. This
suggests that BAI, and BAI-LZM in particular, may be a
potential novel therapeutic agent for the clinical preven-
tion of renal fibrosis.

In this study, the BAI-LZM conjugate was prepared by
chemical synthesis. UV-visible absorption and infrared
spectroscopy were used to identify the characteristics of
the BAI-LZM conjugate. Our results showed that the
structure of BAI-LZM prepared in our study was identi-
cal to the functional groups in the structure of BAI and
LZM, and contained C=0O, indicating that the method
used was feasible to prepare BAI-LZM (Fig. 1).

At present, people changed the original concept of
DN, which is a purely vascular disease, just considered
that DN is a multi-dimensional, multi-cellular condition.
Current treatment strategies for DN can delay but not
prevent progression of disease, nor can address the
marked emotional, physical and financial costs. Thus,
novel therapeutic agents must be identified, specifically

efficient, multi-pathway, multi-perspective anti-fibrotic
agents. Multiple TCM products have been used to treat
chronic kidney disease, particularly DN [34]. Single
herbal TCM products, particularly monomers derived
from a single herbal TCM component, present numer-
ous advantages over conventional medical approaches
for renal protection in DN due to their reduced toxicity
and/or side effects [35—37]. BAI is one of the major bio-
active components of Scutellaria radix, and has various
pharmacological activities, including anti-inflammatory,
anti-tumor, anti-microbial, anti-oxidant, eye protective
and anti-viral properties [38, 39]. These biological activ-
ities are mainly associated with its antioxidant properties
as well as its abilities to inhibit enzymes and regulate im-
mune responses and certain pro-inflammatory media-
tors. In addition, BAI has certain therapeutic effects on
hepatic fibrosis, cardiac fibrosis, pulmonary fibrosis and
renal interstitial fibrosis [40—42]. Considerable evidence
suggests that podocyte injury plays an important role in
the development and progression of DN [43]. Consist-
ently, in our animal experiments it was observed that
BAI and BAI-LZM treatment obviously downregulated
the expression of a-SMA, podocyte injury marker: des-
min and HYP, and reversed the increased expression
level of E-cadherin in nephritic tissues compared with
those in the model group (P<0.01). Specifically, BAI-
LZM treatment showed better regulatory effects than
BAI treatment (Fig. 4). Relative study found that EMT,
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perhaps correlate with a primary underlying mechanism
of ECM and fibrogenesis, because of the loss of epithelial
characteristics and the acquisition of a mesenchymal
phenotype, has been hypothesized to be a [44]. Our re-
sults indicated that the area of interstitial collagen de-
position was reduced, and EMT in renal tissues was
suppressed, certificating its protective effect on renal
fibrosis.

In DN, thickening of the glomerular capillary wall, de-
position of ECM, and expansion and proliferation of
mesangial cells were the main reasons, which altered the
renal functions [44]. These pathological changes induced
the alterations of several biochemical parameters in the
concentration of blood and urine [45]. In addition, the
TCM prescription HLJDD (including Baicalin) possessed
potent lipid-modulating effect on type 2 diabetic rats,
the levels of TC and TG, were decreased [46]. In the
present study, BAI and BAI-LZM markedly protected
against renal damage (Fig. 2), although did not alter FBG
or weight, and upregulated the level of insulin while
downregulating the levels of TG, TC, MDA, BUN, Scr
and albuminuria in serum/urine compared with those in
the model group (Fig. 3 and Tables 1 and 2). Perhaps
the main reasons which FBG or weight has been altered
by BAI or BAI-LZM treatment, correlated with the level
of insulin. BAI or BAI-LZM treatment increased insulin
production, but didn’t recover to the normal level com-
pared with normal control rat. If we will continue to
treat diabetic rat using BAI or BAI-LZM a long time,
FBG or weight should be change obviously. Specifically,
the BAI-LZM treatment group showed better thera-
peutic effects than the BAI treatment group. The present
study demonstrated that BAI, and BAI-LZM in particu-
lar, protected against renal damage and regulated several
biochemical parameters to repair impaired renal
function.

As the characteristic of DN, glomerular hypertrophy
and accumulation of ECM can induce glomerulosclero-
sis, interstitial fibrosis and progressive renal insufficiency
[47]. The complex interplay of hyperglycemia, mechan-
ical stress, oxidative stress, micro-inflammation and in-
creased expression of prosclerotic growth factors such as
TGE-pB and angiotensin II just triggered the occurrence
of these pathological changes [6, 48]. Together, cellular
signaling pathways were activated by these factors result
in apoptosis and accumulation of ECM; however, we do
not know the relative importance of each individual fac-
tor in the pathogenesis of the disease. In addition, it is
well known that DM is a low-grade inflammatory dis-
ease, and the pathogenesis of DN is complex and in-
volves low-grade inflammation [49]. Among the
signaling pathways involved in DM, the NF-«B pathway
has been extensively reported to be involved in the in-
flammatory response [48, 50, 51]. Looking for the novel
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inflammatory molecules may be in favor of the develop-
ment of new therapeutic strategies. Thus, transcription
factors, pro-inflammatory cytokines, chemokines, adhe-
sion molecules, Toll-like receptors, adipokines and nu-
clear receptors, are total associated with inflammatory
pathways in DN, just as candidate molecular targets of
DN treatment. NF-«B, as a kind of the transcription fac-
tors, correlated with the pathogenesis of DN. Under
basal conditions, NF-«B is not appeared in the cytoplasm
by the inhibition of IkB. Upon activation by numorous
factors, including ROS and MAPK, the IKK subunits,
particularly IKKa/f, are phosphorylated. The p65 and
p50 subunits, just as activated and phosphorylated form
of the NF-«xB subunits, translocate toward the nucleus,
where they regulate a surplas of pro-inflammatory cyto-
kines, such as TGF-B1, IL-6, TNF-a and IL-1p [52]. The
hyper-phosphorylation of p65 and the levels of IL-1p
and IL-6 upon STZ treatment confirmed the findings of
previous reports that NF-kB activation associated with
the occurrence of DN. However, BAI and BAI-LZM
treatment obviously inhibited the levels of the pro-
inflammatory cytokine in DN rat, as it could markedly
suppress the critical pro-inflammatory cytokines produc-
tion (IL-1B, IL-6) (Fig. 5).

During the process of renal fibrosis formation, TGF-
B1, as a key pro-fibrotic regulator plays a central role.
Among its three isoforms, namely TGF-p1, 2 and 3, all
types of renal cells total can produced TGF-B1 [53] and
acts as a pro-fibrotic regulator in several ways: i) Fibrotic
proteins such as FN and collagen I can be induced by
TGEF-Blindependently; and ii) TGF-P1 can induced the
phosphorylation of Smad2 and Smad3, and then formed
the oligomeric complexes includingSmad2, Smad3 and
Smad4 [54]. Following, the oligomeric complexes shift to
the nucleus result for the transcription of target genes,
including FN, collagen I and collagen IV [55, 56]. Based
on the above results, TGF-f1 and Smads could be star
therapeutic targets for renal fibrosis. In addition, coupled
with our previous studies, the transcription of TGF-f1
can be control by SREBP-1, which makes SREBP-1 a
major regulatory factor of TGF-p1-mediated fibrotic kid-
ney disease [57]. In the present study, STZ treatment in-
duced TGF-p1 production and activated downstream
Smad2, Smad3 and Smad4, thus increasing the expres-
sion of FN, collagen I and SREBP-1 in nephrotic tissues
(Fig. 6). BAI and BAI-LZM reversed these effects, and
BAI-LZM exhibited better efficacy in inhibiting ECM ac-
cumulation. We speculated that BAI, and particularly
BAI-LZM, could inhibit renal fibrosis via a TGF-p/
Smads-dependent signaling pathway.

IGF-1R signaling participates in the regulation of cell
proliferation and apoptosis [58—60]. Accumulated data
indicate that IGF-1R exerts its main action through the
p38 MAPK signaling pathways [61, 62]. P38 MAPK
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forms part of a subfamily of the MAPK superfamily.
Under the stimulation of various factors, including
hyperglycemia, pro-inflammatory factors and oxidative
stress, the phosphorylation of MAPK kinase and activa-
tion of p38 MAPK by inducing the phosphorylation of
p38 MAPK residues [63]. Activated p38 MAPK signaling
participates in the processes of cell growth,
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differentiation, apoptosis, environmental stress response
and inflammatory responses [64]. Accumulated data
showed that p38 MAPK regulates and frequently pro-
motes renal inflammation and apoptosis [65, 66]. More-
over, the attenuation of fibrosis by BAI and baicalein
was partially attributed to inhibition of fibroblast prolif-
eration and induction of apoptosis [67]. In our study,
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hyper-phosphorylation of p38 and the levels of caspase-3
and caspase-9 increased upon treatment with STZ.
However, BAI and BAI-LZM treatments appeared to re-
duce the expression of apoptotic proteins in DN, as they
could markedly suppress the occurrence of apoptosis in
nephrotic tissues (Fig. 7). In addition, insulin analogs
promote an excess IGF-1R in STZ-induced diabetic rats,
which could overstimulate the mitogenic signaling path-
ways [68]. We found that BAI and BAI-LZM treatment
increased the level of insulin production, which indicate
that BAI and BAI-LZM regulate other signaling pathway
and/or cooperate with insulin regulated the activation of
IGF-1/IGF-1R/p38 signal pathway. The results suggest
that nephritic fibrosis in rats with DN induced by STZ
was improved by BAI and BAI-LZM treatment via the
p38 MAPK signaling pathway by downregulating
apoptosis.

At present, DN can be treated by regulating the bal-
ance between glycaemia and hypertension. However,
these standard treatment regimen in clinical just delay
but not prevent disease progression [69]. Thus, an alter-
native approach to DN treatment could involve the use
of agents to harness the body’s cytoprotective pathways.
The nutrient-sensitive process of autophagy is downreg-
ulated in DN [69, 70]. Moreover, SIRT1 [71] and mTOR
[72] are associated with the regulation of autophagic dis-
orders in diabetic rats. Evidence suggests that, in DN,
the occurrence of autophagy is not enough; just acceler-
ate the process of renal fibrosis [73]. Interesting, rapa-
mycin kinase (mTOR), the activation of autophagy-
inhibiting genes, recreated the key features in animal
models [74]. Moreover, levels of the mitochondrial pro-
tector SIRT1 were significantly reduced in DN [75]. As
expected, our results showed that the protein expression
levels of mTOR and SIRT1 in renal tissues of rats with
DN were downregulated and upregulated, respectively,
by BAI and BAI-LZM treatment (Fig. 8). These results
suggest that BAI, and BAI-LZM in particular, can inhibit
renal fibrosis via reactivating autophagy. Now, utilizing
this intricate cellular defense mechanism to looking for
the potential targeting appears promising. However, this
therapeutic strategy is still primary; we need to identify
more sophisticated approaches to reactivate autophagy.

In summary, our results indicate that BAI, and par-
ticularly the kidney-targeted BAI-LZM conjugate, pro-
duced inhibition of renal fibrosis and inflammation via
the NF-kB, TGF-B1/Smad3 and IGF-1/p38 MAPK sig-
naling pathways. BAI and BAI-LZM can harness the
body’s cytoprotective pathways to reactivate autophagy
(autophagy markers, mTOR and SIRT1) to ameliorate
DN outcomes (Fig. 9). BAI and BAI-LZM attenuate
structural and functional damages of the kidney in a
STZ-induced DN model in vivo. Our data support the
traditional use of S. baicalensis as an important anti-DN
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component in TCM, and BAI is a promising source of
novel molecules with anti-DN effects.

Conclusions

Despite the benefits derived from strict control of glu-
cose and blood pressure, numerous patients continue to
enter ESRD. Thus, develop new effective therapeutic ap-
proaches further to understand the mechanism of DN,
and then prevent the progression of DN, is particularly
important. Several studies have strengthened the thera-
peutic rationale of TCM in the treatment of DN. Com-
pared with other anti-DN TCM products, BAI,
especially BAI-LZM has more advantages for DN treat-
ment, including multi-target, multi-dimension and
multi-mode effects. To be mentioned, BAI has a abso-
lute therapeutic efficacies, which is utilizing reactivation
of autophagy, except for the traditional anti-
inflammatory and anti-fibrosis. However, the feasibility
and safety of these therapeutic approaches as well as the
clinical applicability of TCM in human DN remain to be
further investigated.
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