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Abstract

Objective: This study aimed to investigate whether luteolin delays the progress of diabetic
nephropathy (DN) induced by streptozotocin.

Methods: Fifty-three healthy, 8-week-old, male Sprague—Dawley rats were randomly divided
into the control (n=6), model (n=23), and experimental groups (n=24). The rat model of
diabetic nephropathy was established by intraperitoneal injection of streptozotocin. Rats in the
experimental group were administered luteolin suspension of 80 mg/kg daily for 8 weeks. Blood
glucose levels and body weight were recorded until the fourth week. After intragastric admin-
istration, blood flow and the protective effect of luteolin on diabetic nephropathy were evaluated.
Results: The degree of renal apoptosis and fibrosis in the experimental group was milder, and
glomerular structure was more complete compared with the model group. Nphs2 staining
suggested that luteolin delayed apoptosis and deletion and fusion of podocytes under high glucose
levels, and protected the filtration function of the basement membrane by upregulating Nphs2
protein expression. Time intensity curve results suggested that luteolin delayed deterioration of
renal haemodynamics under hyperglycaemia.

Conclusions: This study shows that luteolin delays progression of diabetic nephropathy. This
drug has potential wide applicability in future clinical application.
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Abbreviations

A: absolute peak intensity

BUN: blood urea nitrogen

CEUS: contrast-enhanced ultrasound
DN: diabetic nephropathy

GBM: glomerular basement membrane
Grad: gradient from the start frame to the
peak frame

VD: end-diastolic velocity

VS: peak systolic velocity

RI: resistance index

STZ.: streptozotocin

TC: total cholesterol

TG: triglycerides

TIC: time intensity curve

TTP: time to peak

ROI: region of interest

Scr: serum creatinine

Introduction

Diabetes is a disease that has not yet been
completely cured worldwide and diabetic
nephropathy (DN) is one of the most
common complications. Approximately
30% to 40% of patients with type 1 diabe-
tes mellitus and type 2 diabetes mellitus
develop DN, and approximately 50% of
them can progress to end-stage renal dis-
ease.! DN has become the leading cause
of death of patients with type 1 diabetes,
and is second only to macrovascular com-
plications in type 2 diabetes. The pathogen-
esis of DN is complex, and current research
suggests that many factors are involved in
its pathogenesis as follows. (1) Metabolic
disorder is involved in DN. Renal haemo-
dynamic disorder and abnormal glucose
metabolism are caused by long-term hyper-
glycaemia.? An increase in the activity of the
renin—angiotensin II-aldosterone system
leads to renal injury.® (2) Inflammatory
reactions are also involved in the pathogen-
esis of DN. (3) With regard to genetic fac-
tors, micro RNA is overexpressed in DN,
which leads to occurrence or development

of DN.*° DNA hypermethylation can
increase renin—angiotensin system activation
of fibroblasts, resulting in cell proliferation
and fibrosis.® There are also histone post-
transcriptional modifications and non-coding
RNA."" (4) Oxidative stress is initiated and
magnified® and endoplasmic reticulum stress
also plays an important role in renal tissue
damage in diabetes mellitus.’”

Luteolin is a natural flavonoid that
is extensively present in many fruits and
vegetables.'” Luteolin exhibits a wide spec-
trum of biological and pharmacological

actions,'" such as anti-apoptosis,'*!"?
anti-inflammation,'* anti-oxidative,'> anti-
allergy, and  anti-cancer  activity.'®

Additionally, luteolin can activate a lethal
endoplasmic reticulum stress response.'®
Moreover, luteolin can attenuate hepatic
lipid accumulation and insulin resistance
in obese mice, and it also improves abnor-
mal glucolipid metabolism in angiotensin
IT/hypoxia-induced  hypertrophic  H9c2
cells.!” Therefore, based on the above phar-
macological effects, luteolin may have great
potential for delaying the progress of DN.
The haemodynamics of ultrasound
contrast agent microbubbles is similar to
that of red blood cells.'® Studying the per-
fusion and excretion of contrast agent
microbubbles in the kidney and analysing
the contrast time intensity curve (TIC) can
provide a basis for determining renal blood
perfusion. The change in local renal
blood flow leads to a change in video den-
sity, which is related to blood flow."
Therefore, contrast-enhanced ultrasound
(CEUS) and contrast-enhanced quantita-
tive analysis can be used to monitor blood
perfusion of parenchymal organs in real
time, specifically and sensitively, and they
are sensitive to small blood vessels and
low-speed blood flow.® For patients with
DN, CEUS dynamically reflects the changes
in renal microcirculatory blood perfusion in
each stage and reflects the degree of diabetic
renal function damage to a certain extent.
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This study aimed to investigate whether
luteolin has a protective effect on renal
function in DN.

Materials and methods

Materials

Experimental drugs and instruments. Luteolin
was purchased from Shanghai Tongtian
Co., Ltd. (Shanghai, China), with a purity
of more than 98%. A suspension of luteolin
powder was prepared with normal saline
and the concentration was approximately
20 mg/kg. Streptozotocin (STZ) was pur-
chased from Sigma (Saint Louis, MO,
USA). STZ was prepared as a 1% solution
in 0.1 M of citrate buffer (pH, 4.0-4.5).
Primary antibodies and appropriate sec-
ondary antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-caspase-3 and anti-Nphs2
antibodies were obtained from Abcam
(Abcam, Cambridge, CB, UK). Ultrasound
was performed by using the LOGIQ E9 in
harmonic-contrast mode with the ML6-15
ultrasound  probe  (General  Electric
Company, Fairfield, CT, USA). We used
the instrument’s built-in wash in/wash out
mode to analyse the contrast results.
Contrast agent (SonoVue) was purchased
from Bracco Co., Ltd. (Milan, Italy).

Laboratory animals. The experiments were
approved by the Institutional Animal Care
and Use Committee of Wenzhou Medical
University. Male Sprague-Dawley rats,
which were 7 to 8 weeks old, were pur-
chased from SLAC Experimental Animal
Co., Ltd. (Shanghai, China). The rats
were fed in separate cages and ate freely in
a well-ventilated environment, which pro-
vided suitable temperature and humidity.
The rats were adapted to a 12-hour light/
dark feeding cycle for 1 week.

Methods

Preparation of the experiment. Fifty-three mice
were randomly divided into the control
group (n=6), the model group (diabetic
group; n=23), and the experimental
group (LUT + diabetic group; n=24). The
mice were fasted for 12 hours before model-
ling, and each mouse was intraperitoneally
injected with STZ 65 mg/kg. On days 3, 7,
and 14 after STZ injection, fasting blood
glucose levels were determined from blood
collected from the tail vein using an auto-
analyser (Surestep, Roche, Germany). Only
the rats that survived with fasting blood
glucose levels exceeding 16.7mmol/L,
excessive drinking, eating and polyuria,
and weight loss were diagnosed with diabe-
tes. Age- and sex-matched control rats were
injected with STZ-free citrate buffer.
Because of physical problems, 13 rats
died, including eight rats in the diabetic
group and five rats in the LUT + diabetic
group. Two rats failed to achieve the
model criteria. The remaining mice were
monitored for survival time.

Intragastric administration. One week after
successful establishment of the diabetic
model, the LUT + diabetic group had intra-
gastric administration of luteolin 20 mg/mL
with a dose of 80 mg/kg daily for 8 weeks.
The control and diabetic groups were pro-
vided a corresponding dose of normal saline.
During the treatment period, five rats in the
model group died because of fighting, intol-
erance of the high-glucose state, and a
weak physique. Additionally, two rats in
the LUT + diabetic group died because of
improper intragastric administration.

Blood glucose monitoring. Starting on the
fourth week of intragastric administration,
the tail vein blood of rats was collected
every weekend to measure the random
blood glucose level.
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Ultrasonic  examination. After 8 weeks of
treatment, the rats were anaesthetized with
0.3 mL/kg 10% chloral hydrate and fully
shaved to exposed the kidney area. The
rats were then placed in a prone position.
The length, width, and thickness of the
maximum coronal sections of the right kid-
neys were measured, and the renal volume
was calculated according to the following
formula: kidney volume (cm®)=(7/6) x
length (cm) x width (cm) x thickness (cm).
Additionally, the colour Doppler mode
was used to observe the distribution of
right renal blood flow, and the spectral
Doppler mode was used to record haemo-
dynamic parameters, such as peak systolic
velocity (VS), end-diastolic velocity (VD),
and main artery and interlobar arterial
resistance indices (RIs). Contrast agent
was injected into the tail vein to obtain a
contrast-enhanced  ultrasound  image.
Changes in renal cortical contrast agent
echo intensity were then observed in real
time for 2 minutes (mechanical index =
0.08, 4.5-7.5MHz, depth=2-3cm). All
images were stored as digital imaging and
communication in medicine format images
in the hard disk built into the ultrasound
machine. The echo of contrast agent micro-
bubbles in the region of interest (ROI)
(superficial peripheral renal cortex) was
analysed by quantitative ultrasound analy-
sis software (wash in/wash out) to generate
the contrast agent TIC. Some quantitative
parameters can be obtained from the real-
time CEUS TIC curve, such as the absolute
peak intensity, time to peak (TTP), area
under the curve, and gradient from the
start frame to the peak frame (Grad). The
TTP indicates that the contrast medium
begins to enter the ROI after reaching the
peak intensity. The gradient response indi-
cates the tissue perfusion rate, and absolute
peak intensity indicates the cross-sectional
area of the contrast medium with the most
obvious enhancement of signal intensity.
This value reflects the blood volume of

local tissue and can reflect perfusion of the
kidney. There is a good correlation between
local tissue blood flow and area. Each site
within the ROI was repeatedly analysed
three times and the average was calculated.
The TIC curve can sensitively reflect perfu-
sion of small renal vessels.

Renal function test. After the last administra-
tion session, the rats were anaesthetized
with 0.3mL/kg 10% chloral hydrate.
Blood was taken from the abdominal
aorta. Serum was obtained by centrifuga-
tion of the blood at 1000 x g at 4°C for
10 minutes before storage at —20°C.
Serum creatinine (Scr), blood urea nitrogen
(BUN), total cholesterol (TC) and triglycer-
ide (TG) levels were measured.

Haematoxylin—eosin staining of the kidneys.
After intragastric administration at the
eighth week, the rats in every group
were killed by the perfusion method, and
both kidneys were removed. Body weight
and kidney weight were measured. Right
kidney tissue was fixed with 4% parafor-
maldehyde. After dehydration with graded
alcohol solutions and immersion in xylene,
the samples were embedded in paraffin. The
paraffin blocks were cut into 5-pum-thick
sections and kidney slices from the three
groups were obtained. Kidney slices were
then deparaffinized in xylene and rehy-
drated through graded alcohol solutions
before haematoxylin—eosin staining using
a standard protocol. The samples were ana-
lysed by optical microscopy (Nikon
ECLPSE 80i; Nikon, Tokyo, Japan) to
observe mesangial cell proliferation.

Immunohistochemical staining of caspase-3 and
Nphs2 protein. After paraffin-embedded sec-
tions were deparaffinised and rehydrated,
the sections were incubated with 3% H,0,
for 10 minutes at 37°C and then blocked
with 5% bovine serum albumin for 30
minutes at 37°C. The sections were covered
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with rabbit anti-rat polyclonal primary
antibody caspase-3 or Nphs2 (1:200) and
stored at 4°C overnight. The samples were
incubated with the goat anti-rabbit second-
ary antibody for 1 hour. The samples were
then stained with 3,3-diaminobenzidine
(1:20) and counterstained with haematoxy-
lin. The positive points were dyed brown
and observed using optical microscopy
(ECLPSE 80i; Nikon).

Transmission electron microscopy. Tissue blocks
of approximately [ x1xImm were
removed from the left kidney and fixed
with 2.5% glutaraldehyde solution. The
tissue was stored at 4°C for preparation of
transmission electron microscopy speci-
mens. After preparation of the specimens,
the specimens were sliced by an ultra-thin
slicer (Hitachi Co., Ltd., Power-town XI,
Tokyo, Japan) and observed by a transmis-
sion electron microscope (H-7500; Hitachi
Co., Ltd.). Proliferation in the glomerular
basement membrane (GBM) and mesangial
matrix, and the loss of podocytes and other
pathological changes were observed under
transmission electron microscopy.

Statistical analysis

Data are shown as the mean =+ standard
deviation. Statistical differences between
two or multiple groups were analysed by
the Student’s t-test or one-way analysis of

variance with SPSS 23.0 software (IBM,
Armonk, NY, USA). Survival curves were
plotted using the Kaplan—Meier method
and the curves were compared between
groups using the log-rank test. P <0.05
was considered statistically significant.

Results

Comparison of physical and biochemical
indices

The LUT + diabetic group (53.52+3.915
days) had a significantly prolonged survival
time compared with the diabetic group
(30.90 £4.786 days) (P <0.001, Figure la).
Body weight in the diabetic and LUT +
diabetic groups was significantly lower
than that in the control group (both
P <0.05) (Figure 1b). Additionally, body
weight in the control group showed a
steady and continuous increase, but there
was no significant change between the dia-
betic and the LUT + diabetic groups. Body
weight in the diabetic group showed a slight
downward trend. Blood glucose levels in the
diabetic and LUT + diabetic groups were
maintained at a high level and were not sig-
nificantly different between these two
groups. BUN, Scr, TC, and TG levels are
shown in Figure 2. Most of these indices in
the diabetic group were higher than those
in the control group. BUN levels and
BUN/Scr were significantly lower in the
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Figure |. (a) Survival curves of the diabetic and LUT+diabetic groups. (b) Line chart showing the change in
blood glucose levels from the fourth week. (c) Line chart showing the change in body weight from the fourth

week. LUT: luteolin.
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Figure 2. Effect of luteolin on physical and biochemical indicators. (a—e) Quantitative analysis of BUN,
Scr, BUN/Scr, TC, and TG values in the rats. (f) Body weight. Data are expressed as the mean = standard
deviation. *P < 0.05; **P < 0.01 vs. the control group; **P < 0.0l vs. the diabetic group. BUN: blood urea
nitrogen; Scr: serum creatinine; TC: total cholesterol; TG: triglycerides.

LUT + diabetic group than in the diabetic
group (both P<0.01). TG levels also
appeared to be lower in the LUT + diabetic
group than in the diabetic group, but this
was not significant. There were no significant
differences in Scr and TC levels between the
LUT + diabetic and diabetic groups.

Ultrasonic results

Two-dimensional  ultrasound and  Doppler
ultrasound. Two-dimensional ultrasound
showed that right renal volume in the dia-
betic group (2.593 £+ 0.205) was significantly
larger than that in the control group
(1.734+0.152, P<0.01), but renal volume
in the LUT + diabetic group (2.116 +0.416)
was significantly lower than that in the dia-
betic group (P < 0.05, Figure 3). Moreover,
the ultrasonic echo intensity of the renal
cortex in the diabetic group was significantly
higher than that in the control group
(P<0.05), and that in the LUT + diabetic

group appeared to be higher (not significant)
than that in the control group. However, the
junction of the cortex and medulla was still
clear in the LUT + diabetic group. VS and
VD appeared to be lower in the diabetic
group (not significant), while the RI was sig-
nificantly higher (P <0.01), compared with
those in the control group. These parameters
were better in the LUT + diabetic group
than in the diabetic group, but only the RI
was significant (P < 0.01).

Doppler ultrasound showed that the dis-
tribution of blood flow in the diabetic
group was lower than that in the control
group. Additionally, the distribution of
blood flow in the LUT + diabetic group
was more abundant than that in the diabet-
ic group (Figure 4).

Parameters of the TIC in contrast-enhanced ultra-
sound. Asymmetric single-peak TICs are
shown in Figure 5a. The TIC curve in the



Xiong et al. 7

—
—_
(2]
—
—
o
—

(b

w
*
**

e
L
H
2
L4
=
H
=
-
z
»
=

- A
i 2
: g
3 3
£ =

3
10 T
= B
- =
z E
L] £
= -
of =

LK

Right kidney length (em)

E>

® (@)

—
@
—

=3
w

Grad (dB/s)

@

1

Area under the curve (dBs)
the Time to peak (s)

Absolute peak intensity ()

P 4 & &£ &
Fard i s
Figure 3. Effect of luteolin on two-dimensional ultrasound and time intensity curve parameters. (a—d)
Quantitative analysis of the volume, length, width, and thickness of the right kidney. (e—h) Quantitative
analysis of the absolute peak intensity, area under the curve, time to peak, and Grad of the time intensity
curve. Data are expressed as the mean = standard deviation. *P < 0.05; **P < 0.0l vs. the control group;
#P < 0.05 vs. the diabetic group. Grad: gradient from the start frame to the peak frame; LUT: luteolin.

Two-dimensional ultrasound Color Doppler flow image

Figure 4. Right kidney size shown by two-dimensional ultrasound and renal blood signals from Doppler
ultrasound.

control group showed a rapid upward trend seconds of plateauing after the peak. The
and slowly decreased after rising to a peak. quantitative perfusion parameters from
The rising branch of the TIC in the diabetic the TIC in the three groups of rats are
group was slower than that in the control =~ shown in Figure 3e~h. The absolute peak
group, and it slowly decreased after a few intensity, area under the curve, Grad, and
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Figure 5. (a) Contrast-enhanced ultrasound images and time intensity curves. (b) Rl of the renal artery.
Data are expressed as the mean + standard deviation. **P < 0.01 vs. the control group; P < 0.01 vs. the

diabetic group. RI: resistance index; LUT: luteolin.

TTP values in the diabetic group were
greater than those in the control group,
but only the absolute peak intensity and
area under the curve values were signifi-
cantly different (both P <0.05). This find-
ing suggests that the absolute peak intensity
and area under the curve are sensitive indi-
cators reflecting haemodynamic changes that
were characteristic of diabetes induced under
hyperglycaemic conditions. Moreover, the
absolute peak intensity and area under the
curve values in the LUT + diabetic group
were lower than those in the diabetic
group, but only absolute peak intensity
values were significantly different (P < 0.05).
This finding suggests that absolute peak
intensity values may be more sensitive than
area under the curve values to haemody-
namic changes.

Pathology

Haematoxylin—eosin staining. In the control
group, the renal glomerulus was clear in

structure and normal in shape, with no
enlargement or atrophy, a smooth glomer-
ular capsule, and no infiltration (Figure 6a).
There was no thickening of the basement
membrane, normal distribution of mesan-
gial cells and extracellular matrix, and
clear tubular structure of renal tubules.
Glomeruli in the diabetic group were signif-
icantly atrophied and the Iumen was
enlarged compared with those in the control
group. Additionally, mesangial cells were
proliferated and the GBM was thickened.
In some stained sections, dilatation of the
renal tubular lumen, inflammatory cell infil-
tration, and vacuolar degeneration of renal
tubular epithelial cells were also observed.
Nevertheless, these pathological renal lesions
were alleviated after treatment with luteolin.

Immunohistochemical staining. In the control
group, there was little staining for
caspase-3 in renal tissue (Figure 6Db).
Caspase-3 expression was higher in the
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Figure 6. Effect of luteolin treatment on renal structural changes, caspase-3 expression levels, and Nphs2
protein levels in the three groups. Red arrows indicate a glomerulus and orange arrows indicate caspase-3
expression. Brown areas are positive for caspase-3 expression in renal tissue. (a) Representative micro-

photographs of kidney sections from all three groups with haematoxylin and eosin staining (x 400). (b, c)
Representative microphotographs of caspase-3 and Nphs2 expression with immunohistochemical staining

(x 400).

glomeruli and the adjacent cortical tubule
interstitium in the diabetic group compared
with the control group. After luteolin treat-
ment, caspase-3 levels were decreased.
Figure 6¢ shows Nphs2 protein immunoflu-
orescence staining. Nphs2 protein expression
was distributed along the GBM. There was
high Nphs2 protein expression in the control
group, and a small amount of Nphs2 protein
expression was found in the diabetic group.
However, Nphs2 protein expression levels in
the LUT + diabetic group were higher than
those in the diabetic group. This result indi-
cates that luteolin may preserve podocytes
and reduce apoptosis to protect kidney
function.

Pathological changes under electron microscopy.

In the control group, the foot process in the
mesangial area was long and distinct. In the
diabetic group, we observed a high volume
of glomeruli, thickness of a diffusely homo-
geneous GBM, and severe hyperplasia of
the mesangial matrix in the mesangial area
(Figure 7). Additionally, because of stimu-
lation of podocytes by long-term glycopro-
tein, the structure of the foot process was
unclear, and there was extensive fusion. The
podocytes had changed from branch bifur-
cation to fusiform, and the bifurcation was
obviously smaller, with some of them show-
ing similarity to pebbles. A large number of
glycogen deposits were also observed in
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Normal
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Figure 7. Representative renal sections of each group as shown by transmission electron microscopy with
different magnifications. Red arrows indicate podocyte foot processes. Yellow arrows indicate the glomer-
ular basement membrane (a: x 3000; b: x 8000; c: x 10,000). LUT: luteolin.

other cells in the kidneys in the diabetic
group. Vacuolization in the renal tubule
was obvious. In the LUT + diabetic group,
there was less GBM thickening, milder
mesangial hyperplasia, and more scattered
and focal foot process fusion compared
with the diabetic group.

Discussion

At present, with the abundance of high-
sugar and high-calorie diets, the prevalence
of diabetes is increasing yearly. Although
most people with diabetes strictly control
their blood sugar levels and metabolic
abnormalities, DN will exceed 5.2 billion
by 2030, of which 48% of cases will be
from China and India. In recent years, the
main cause of end-stage renal disease in
China has changed from glomerulonephri-
tis to DN.

The main pathological changes of DN
are gradual thickening of the GBM and
tubular basement membranes, expansion
of the mesangial matrix, and glomerular
hypertrophy.>'*? In later stages of this dis-
ease, glomerulosclerosis and interstitial
fibrosis are prominent, with thickening,
narrowing, or even complete occlusion of
the capillary cavity.”® Because of the hae-
modynamic changes caused by renal
tubule-renal interstitial injury, forward
flow resistance increases and changes in
renal arterial blood flow mechanics at all
levels occur as the disease progresses.
Therefore, by measuring changes in renal
arterial blood flow mechanics at all levels,
the extent of blood perfusion in renal
parenchyma and the progress of renal
parenchymal injury can be determined.
Colour Doppler ultrasound can be used to
obtain blood flow parameters of the renal
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artery non-invasively and repeatedly.
Further, this method can be used to mea-
sure renal length and diameter and other
two-dimensional  parameters reflecting
change in renal structure, which is a
unique advantage compared with other
examination methods. In our study, renal
volume in the diabetic group was lower,
VS and VD were lower, and the RI value
was significantly higher compared with the
control group. Therefore, the kidneys were
in a state of high resistance and low flow
rate, which indicated obvious renal injury
under the condition of long-term hypergly-
caemia. Renal volume and the RI value in
the LUT + diabetic group were better than
those in the diabetic group, which suggested
that luteolin delayed the progress of diabet-
ic renal injury.

Nuclear medicine, computed tomogra-
phy, magnetic resonance imaging, digital
subtraction angiography, and other exami-
nations have limitations in evaluating renal
function because of their radioactivity, high
cost, and nephrotoxicity of contrast media.
Renal puncture is an invasive procedure,
which should not be repeatedly performed
and cannot capture dynamic changes in
renal function. CEUS has unique advan-
tages over traditional modes.'®** CEUS
does not cause nephrotoxicity or require
ionizing radiation, but it does have good
tolerance by patients. CEUS also provides
the ability to evaluate the enhancement pat-
tern of renal lesions quickly and in real time
by using multiplanar imaging capability.
This allows for prompt diagnosis and thus
provides broader clinical application value.
The TIC of renal cortex perfusion is
obtained after the CEUS image is analysed
by software. The shape of the curve is an
asymmetric single-peak curve with obvious
ascending branches, peaking branches, and
descending branches. The ascending branch
is steep and rapidly reaches peak strength.
After descending, all traces are formed, and
the descending branch is relatively flat.

As renal function decreases, the shape of
the curve described above gradually disap-
pears.>>?® In our study, the TIC curve in
the control group showed a rapid upward
trend and slowly decreased after rising to a
peak (Figure 5). The rising branch of the
TIC in the diabetic group was slower than
that in the control group, and it slowly
decreased after a few seconds of plateauing
after the peak.

In the early stage of diabetes, glomeruli
are enlarged and perfusion is increased,
which leads to hyperfiltration of glomeruli
in the early stage of diabetic renal damage.
With prolongation of the course of this
disease, glomerulosclerosis increases, the
microvascular cavity is occluded, and
renal microvessel density is decreased. The
resistance of blood perfusion is increased,
the slope of the ascending branch of the
TIC curve is decreased, and the peak time
is prolonged. The area under the TIC curve
is increased in the early stage of diabetes.?’
In our study, values for the absolute peak
intensity, area under the curve, and TTP in
the diabetic group were higher than those in
the control group. Values for the absolute
peak intensity and area under the curve
in the LUT 4+ diabetic group were lower
than those in the diabetic group. This find-
ing suggested that luteolin delayed deterio-
ration of renal haemodynamics under
hyperglycaemia.

The glomerular filtration barrier is com-
posed of glomerular endothelial cells, the
GBM, and podocytes. Podocyte foot pro-
cesses and the hiatus of the diaphragm
cover the surface of the GBM, maintaining
a large filtration area, which is the last bar-
rier for preventing protein leakage into the
urine.?” Studies have shown that structural
and functional damage of podocytes occur
in the early stage of DN, and a series of
functional and morphological changes
occur, including hypertrophy of podo-
cytes,” epithelial mesenchymal transdiffer-
entiation of podocytes,” detachment of
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podocytes™ and apoptosis of podo-
cytes.>**! The absence of characteristic pro-
teins in podocytes results in an increase in
pore space, destruction of the glomerular
filtration barrier and a gradual decline
in renal function. Podocyte-associated
proteins nephrin and Nphs2 have anti-
apoptotic signal-transduction characteris-
tics. Nphs2 protein is a membrane protein
that is specifically expressed in the perforat-
ed septum. Previous studies have found that
Nphs2 protein expression in podocytes of
patients with DN is  significantly
reduced.”>* In our study, Nphs2 protein
expression in renal tissue in the diabetic
group was lower than that in the control
group Additionally, Nphs2 protein expres-
sion in the LUT +diabetic group was
higher than that in the diabetic group
(Figure 6). These findings suggested that
luteolin reduced podocyte injury in diabetic
rats by protecting Npsh2 protein expression
in podocytes.

Caspase-3 is closely related to glomeru-
losclerosis caused by DN, and it is the main
indicator of apoptosis and the main prote-
ase involved in occurrence and development
of DN.** Some studies have shown that a
high-glucose environment can activate
caspase-3 by using the hexylamine pathway.
With the assistance of various growth fac-
tors and inflammatory factors, glucose pro-
motes secretion of the extracellular matrix
and accelerates deposition of the mesangial
matrix. This leads to glomerular hypertro-
phy and an increase in the mesangial
matrix, which in turn leads to worsening
disease.*® In our study, haematoxylin and
eosin staining and electron microscopic
observation showed that renal tissue in the
diabetic group was destroyed. Caspase-3
expression in renal tissue in the LUT +
diabetic and control groups was lower
than that in the diabetic group. This finding
indicated that application of luteolin inhib-
ited apoptosis and reduced pathological

changes in renal tissue, thus playing an
effective protective role.

Conclusion

This study shows that luteolin cannot
directly reduce blood glucose levels.
However, luteolin may protect the filtration
function of the basement membrane by
upregulating Nphs2 protein expression,
and delaying apoptosis and deletion and
fusion of podocytes under high glucose
conditions. Further, luteolin may inhibit
glomerulosclerosis and maintain the rela-
tively normal physiological structure of glo-
meruli, thus suggesting that luteolin can
prevent rapid deterioration of DN. This
drug may become a new direction for the
treatment of DN and has potentially broad
applicability in future clinical applications.
Additionally, CEUS quantitative analysis
has a high sensitivity to haemodynamic
changes in DN and may be used for early
diagnosis of diabetes.
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