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Knockout of NGAL aggravates tubulointerstitial
injury in a mouse model of diabetic nephropathy
by enhancing oxidative stress and fibrosis
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Abstract. Neutrophil gelatinase-associated lipocalin (NGAL),
also called lipocalin 2, is considered a promising biomarker
for acute and chronic kidney injuries. Several studies have
demonstrated that its levels increase in plasma and urine
in diabetic nephropathy (DN), and its urine concentration
increases upon kidney function deterioration. However, its
role in DN progression remains unclear. The current study
used in vitro gene expression knockdown in human proximal
tubular cell line human kidney (HK)2 to investigate the role of
NGAL in oxidation and extracellular matrix secretion under
high-glucose (HG) incubation. In addition, type 1 diabetes
was induced in vivo in knockout NGAL” and wild-type
mice in order to investigate role of NGAL in the progression
of DN. The results demonstrated that NGAL knockdown
in HK2 cells significantly increased oxidative stress under
HG stimulation tested by flow cytometry, and increased the
secretion of interleukin-6, fibronectin (FN) and collagen IV
examined by ELISA. Western blotting demonstrated that the
phosphorylation of Smad2/3 also increased in HK2 cells under
transforming growth factor-f31 stimulation. In vivo experiments
demonstrated that diabetic NGAL” mice showed deteriorated
renal function compared with that of diabetic wild-type mice.
Histopathological analysis suggests that diabetic NGAL™" mice
had more serious glomerulosclerosis and tubular vascular
degeneration than wild-type mice. Immunohistochemistry
suggested that the absence of NGAL lead to increased FN
deposition in glomeruli in a mouse model of DN. In conclu-
sion, NGAL appears to have renal protective effects by slowing
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down the progression of DN, and its effect may be associated
with a reduction in oxidation, fibrosis and inflammation.

Introduction

Diabetes mellitus is a prevalent autoimmune disease
worldwide that can develop at any stage of life, including
adulthood and childhood. Diabetic nephropathy (DN) is a
chronic and severe complication associated with increased
risk of end-stage renal failure and cardiovascular disease (1).
Evidence suggests that >30% of all patients with diabetes
develop DN within 10-20 years of the onset of diabetes (2,3).
In patients with diabetes, the incidence of development
of microalbuminuria is 20-40% if DN remains untreated.
Moreover, within 20-25 years, almost 20% of these patients
will develop end-stage renal failure (4) and further require
renal transplantation or chronic hemodialysis (5). Effective
medications for DN and anti-hypertension drugs are still the
first-line choice; therefore, identifying new drug targets and
new drug candidates is urgently required (6,7).

Neutrophil gelatinase-associated lipocalin (NGAL) is
a biomarker of renal tubular injury that is upregulated in
distal tubules and the collecting duct, and its role in acute
kidney injury (AKI) has been extensively evaluated (8,9).
NGAL is a 25-kDa glycoprotein with 178 amino acids that
belongs to the lipocalin superfamily (10). It is a constituent
of specific granules and exists in neutrophils as part of the
NGAL-gelatinase complex (11). It is involved in the antimi-
crobial defense mechanism and is upregulated in systemic
bacterial infections (12,13). It also plays a protective role in
epithelial injury due to its antiapoptotic effect (14). As it is not
produced by necrotic nephron, it is a marker of active injury
and represents the mass of salvageable nephrons (15). Its
usefulness as a biomarker in chronic kidney diseases (16,17)
such as DN has been reported by several previous studies,
however, its role and effect in the pathophysiology of DN
progression remains unclear. In the current study both
in vitro and in vivo methods were used. NGAL was knocked
down in human tubular epithelial cells and NGAL knock-
down mice were used in order to investigate the exact role
of NGAL in DN.
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Materials and methods

Cell culture and NGAL knockdown. Human kidney (HK)2, an
immortalized human proximal tubular cell line, was purchased
from the American Type Culture Collection. HK2 cells were
cultured in DMEM (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum (HyClone;
GE Healthcare Life Sciences) and passaged <10 times. The
cells were supplemented with 2 mmol/l glutamine, 100 U/ml
penicillin and 100 U/ml streptomycin, and maintained in a
37°C, 5% CO, humidified atmosphere. The culture medium
was changed every 2-3 days.

To knock down NGAL expression, a lentivirus
pHBLV-U6-Zsgreen harboring a short hairpin RNA (shRNA)
of NGAL synthesized by Gene Company, Ltd. was used, as
previously described by the supplier. The NGAL shRNA
sequence was 5'-GGACTTTTGTTCCAGGTTGTTAACAAC
CTGGAACAAAAGTCC-3'. A period of one day before the
transfection, HK-2 cells were seeded into a six-well plate. When
~80% confluency of cells was reached, cells were transfected.
The confluency was calculated as the area of cells/the whole
view under an optical microscope (BM-37XBC, Shanghai BM
optical instruments manufacture Co., Ltd.) at a magnification
of x100. Transfection was performed with 1.2 yg shRNA
plasmid containing NGAL (cat. no. sc-43969-V; Santa Cruz
Biotechnology, Inc.) and 4.5 ul HiPerFect transfection reagent
(Qiagen China Co., Ltd.) were added into 100 x1 DMEM
without FBS. A period of 15 min later, the aforementioned
mixture (5 pl) was dropped into wells (2 ml/well), DMEM was
replaced with complete culture medium (DMEM+10% FBS)
24 h later. After incubation at 37°C for one day, cells were
split 1:5. After another day of culture at 37°C, stable clones
expression the ShRNA were selected using 10 pg/ml puro-
mucin dihydrochloride (cat. no. P8230; Beijing Solarbio
Science & Technology Co., Ltd.). The medium containing
puromucin selection was replaced every 3 days and identi-
fied the resistant colonies. Once a cell line was generated,
the knockdown efficiency was determined using reverse
transcription-quantitative (RT-q)PCR (18). A non-targeting
shRNA was also prepared and transfected into HK2 cells as a
negative control (NC). Cells transfected with the NC lentivirus
were termed NC-HK?2, while NGAL knockdown cells were
called KD-HK?2.

mRNA quantification by RT-gPCR. Total RNA was extracted
using the TRNzol-A+ reagent kit (cat. no. DP430; Tiangen
Biotech Co., Ltd.). RT-qPCR was performed with comple-
mentary DNA reverse transcribed from total RNA using a
reverse transcription kit (ReverTra Ace® gPCR RT kit; Toyobo
Life Science) and ABI PRISM™ 7000 (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The denaturation and annealing
reaction was conducted at 65°C for 5 min and 4°C. The reverse
transcription was performed at 45°C for 20 min, 95°C for 5 min
and 4°C for 5 min. SYBR green was used as the fluorophore
and (3-actin was used as an internal control. The forward and
reverse primers for [3-actin were 5-"AAACAGAAGGCAGCT
TTACGATG-3' and 5"AAATGTTCTGATCCAGTAGCG-3',
respectively. For NGAL, the forward primer was 5-TCCCAG
AGCTGAACGG-3' and the reverse primer was 5-GAAGTC
GCGGAGACA-3'". The qPCR thermocycling conditions were

95°C for 30 sec, followed by 40 cycles of 95°C for 15 sec,
60°C for 30 sec and 72°C for 30 sec. The 2424 value was
normalized to the signal of the housekeeping gene, [3-actin.
The fold-change in expression was calculated as the method
described previously (19).

Stimulation by normal (NG) and high glucose (HG). Upon
reaching 60-80% confluence, NC-HK2 and KD-HK2 cells were
growth-arrested in 0.5% fetal calf serum (HyClone; GE Healthcare
Life Sciences) for 48 h and treated with 5 (as normal glucose) and
25 mm (as high glucose) D-glucose for <48 h.

ELISA for collagen IV (Col 1V), fibronectin (FN) and inter-
leukin (IL)-6 secretion by HK2 cells under HG stimulation.
Exposure of HK2 cells to medium containing high concentra-
tions of glucose induced the overproduction of FN, Col IV and
IL-6, as described in a previous study (20). To determine the
effect of NGAL on the increased expression of FN, Col IV
and IL-6 triggered by HG, NC-HK2 and KD-HK2 cells were
treated with HG for 48 h. The levels of FN, Col IV and IL-6
in the supernatant were measured with ELISA kits for FN
(cat. no. ab219046; Abcam), IL-6 (cat. no. ab178013; Abcam)
and Col IV (Elabscience). The concentration in the culture
supernatant was normalized to the total protein concentration
in the cells, as quantified by the BCA method.

Analysis of intracellular reactive oxygen species (ROS)
production. The intracellular formation of ROS was detected
by incubating cultured HK?2 cells with 1 ym of the 2',7'-dichlo-
rofluorescin diacetate (DCFHA; cat. no. D6883; Merck),
a nonpolar compound that is converted into the nonfluores-
cent polar derivative 2',7'-dichlorofluorescin (DCFH) by
cellular esterase upon incorporation into the cells. DCFH is
then oxidized to the highly fluorescent 2',7'-dichlorofluores-
cein (DCF) in the presence of oxidants. Briefly, HK?2 cells were
incubated for 30 min at 37°C with 1 ym H2DCFDA in normal
glucose (NG) or HG (25 mm) conditions. The fluorescence
intensity was determined immediately with a flow cytometer
[excitation wavelength (A)=488 nm, emission A=515 nm;
BD FACSCalibur (BD Biosciences); Cell Quest Pro software
(version 5.1; BD Biosciences)]. The average fluorescence inten-
sity was normalized to the total cell protein content in each
group, as described previously (21,22).

Generation of NGAL"" mice. NGAL™ C57 BL/6 mice were
generated by Cyagen Biosciences, Inc. The strategy of NGAL
knockout was as follows: A genomic DNA clone containing
exons 1-6 of the murine NGAL gene was isolated from a 129/J
mouse genomic library (Cyagen Biosciences, Inc.). A target
vector was designed to replace a 2.5-kb genomic fragment
containing NGAL?2 exons 1-5 with the PGK-neo cassette. The
diphtheria toxin A gene driven by the pMC1 promoter was
incorporated into the 3' end of the vector for negative selection.
The targeting vector was linearized with Notfl and electropor-
ated into 129/0Ola ES cells using a Bio-Rad Gene Pulser at
0.34 kV and 250 uF (Bio-Rad Laboratories, Inc.). According to
manufacturers protocol, 400 ul cells (2x10° cells/ml) and 20 ug
targeting vector in the Opti-MEM (Thermo Fisher Scientific,
Inc.) were mixed in a 0.4 cm cuvette, which was chilled in ice.
The electroporation was conducted at 4°C and with twice pulse
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immediately after the signal, one pulse lasting for 2 sec, and
one pulse lasting for 3 sec. After electroporation, the medium
was replaced with growth medium (DMEM+10% FBS as afore-
mentioned). The transfected cells were then cultured in growth
medium at 20°C overnight and then combined with 300 pg/ml
Geneticin (G418; Sigma-Aldrich; Merck KGaA) for 10 days.
Homologous recombinants were identified by PCR and verified
by Southern blotting with a PCR-generated 5' flanking probe
(forward and reverse primers, 5'-ATAGCCCTGGCTGTC
CTGAA-3' and 5-"TAAGGTCCCCCTCTAAACC-3', respec-
tively). Correctly targeted clones were injected into C57BL/6J
blastocysts, and the generation of chimeras was performed. A
total of two independently targeted ES cell clones transmitted
the NGAL mutation into the germ line. Male chimeric mice
were mated to C57BL/6 female mice, and the heterozygous F1
progeny was intercrossed to generate NGAL-deficient mice.
The wild-type littermates from these crosses were used as
controls for all experiments. All mice were maintained in the
animal facility of the Affiliated Hospital of Hebei University of
Engineering in accordance with established ethical regulations
of animal care.

Induction and assessment of diabetes. Adult wild-type
male C57 BL/6 mice (18-20 g) were purchased from Beijing
Weitong Lihua Experimental Animal Technology Co., Ltd.
The animals were maintained at 24°C with a relative humidity
of 45-55% and 12/12 h dark/light cycle, and had free access to
food and water throughout the experimental protocol.

Both wild-type C57 BL/6 (4 male and 4 female mice;
body weight: 24+2 g; age: 6 weeks) and NGAL" C57 BL/6
mice (4 male and 4 female mice, body weight: 24+2 g; age:
6 weeks) were used to establish an experimental model of DN.
A single dose of 60 mg/kg streptozotocin (STZ; cat. no. S0130;
Merck KGaA) prepared in citrate buffer (pH 4.4; 0.1 M)
was injected intraperitoneally to induce diabetes. C57
BL/6 mice who received PBS injection were considered as
the normal control group. Diabetes was confirmed 4 days
after STZ injection. Blood samples were collected via the
retro-orbital plexus using heparinized capillary glass tubes
and plasma glucose levels were estimated with an enzymatic
glucose oxidase-peroxidase diagnostic kit (Span Divergent
Ltd). Animals were anesthetized prior to sample collection.
Mice with plasma glucose levels >250 mg/dl were selected
and used in the present study (for each group there were
8 mice). Wild-type C57 BL/6 mice with DN were named as
DN-wild, and NGAL" C57 BL/6 mice with DNA were named
as DN- NGAL™. Healthy mice were named as the normal
control group. Their body weight and plasma glucose levels
were measured before and at the end of the experiment. The
animal health and behavior were monitored every day, and
no animals died during the experiment. All animal welfare
considerations were taken, including efforts to minimize
suffering and distress. Based on literature and a preliminary
study, after three months of STZ-induced diabetes, the mice
progress into DN with proteinuria and glomerulosclerosis;
and reaching the humane endpoint of 20% weight-loss was
considered a humane endpoint (23). After 3 months, all mice
were euthanatized by cervical dislocation, and pupillary
response to light was used to confirm the death of animals.
Briefly, a bright light was shone into the eyes of the animals.

A constriction of the pupil indicated a neurological response.
Upon death, the pupils become dilated and unresponsive to
light. Kidney tissue blocks were collected and fixed in 10%
formalin at 4°C for 24 h, then the samples were ready for
histological examination and immunohistochemistry (IHC).

The experimental protocol was approved by the Institutional
Animal Ethics Committee of the Affiliated Hospital of Hebei
University of Engineering (Handan, China) and performed in
accordance with the guidelines on animal experimentation of
the Committee for Control and Supervision of Experimentation
on Animals, Government of China (24).

Renal function. Every 4 weeks, blood was sampled through
the eyes under anesthesia with sodium pentobarbital solution
(60 mg/kg; intraperitoneal injection). Blood urea nitrogen
(BUN) and serum creatinine (Scr) was measured using an auto-
mated biochemical analyzer (200 FR; Toshiba Corporation).
Urine was collected, the urine albumin content was measured
using the mouse albumin ELISA kit (cat. no. ab108792;
Abcam), and the urine creatinine was measured using the
automated biochemical analyzer. Albuminuria was calculated
as the ratio of urine albumin divided by urine creatinine.

Histological examination. Fixed renal tissue blocks were
embedded in paraffin. Sections of 2-ym thickness were cut
and stained with hematoxylin for 10 min and then eosin for
5 min at room temperature and periodic acid-Schiff for 10 min
at room temperature. The stained sections were examined
under a light microscope (magnification, x200). The severity
of glomerulosclerosis was graded in a blinded manner on a
scale of 0-4 as previously described (25): Grade 0, normal;
grade 1, sclerotic area <25% (minimal); grade 2, sclerotic
area >25-50% (moderate); grade 3, sclerotic area >50-75%
(moderate to severe); and grade 4, sclerotic area >75-100%
(severe). The scores from each individual glomerulus exam-
ined (100 glomeruli from each animal) were averaged, and the
percentage of glomeruli for each grade was calculated.

Tubular atrophy, dilation, casts, interstitial inflammation
and fibrosis were the major pathological characteristics of renal
interstitium. A total of 10 microscopic fields from each animal
(magnification, x200) were selected for quantitation based on
a previously established scoring system (26,27): 0, normal;
1, lesions in <25% of the area; 2, lesions in 25-50% of the
area; 3, lesions in >50% of the area; and 4, lesions involving
the entire area.

Electron microscopy. To further investigate the effect of
NGAL on renal ultrastructure, transmission electron micros-
copy (TEM) was conducted. Ultra-thin sections (2 xm) were
prepared according to the method previously described (28).
Briefly, a small piece of the left kidney (1x1 mm) was fixed in
2.5% glutaraldehyde solution buffered with sodium cacodylate
at pH 7.4 for 2 h; post-fixed for 1 h in 1% osmium tetroxide
solution at 25°C and pH 7.4; and rehydrated in ethanol. Upon
embedding, sections were stained with uranyl acetate and lead
citrate. TEM was performed with a JEM-1400FIlash electron
microscope (JEOL, Ltd.) for viewing and image capture.
Evaluations were performed by two independent observers
in a blinded manner. Grading for the presence of changes in
the podocyte foot processes was analysed according to the
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following scale: 0, no evidence of changes; I, <25% changes;
II, 25-50% changes; 111, >50-75% changes; and IV, >75%
changes. Measurements were obtained from electronographs
(magnification, x10,000) (29,30).

IHC analysis. THC was used to investigate the expression of
NGAL and FN. Rabbit monoclonal antibodies against NGAL
(cat. no. ab216462) and FN (cat. no. ab268020) were purchased
from Abcam. Paraffin-embedded sections were dewaxed by
xylene, and endogenous peroxidase activity was quenched
with 3% H,0,. Sections were digested with proteinase K for
antigen retrieval. 2% BSA (cat. no. A2058; Merck KGaA) was
used as the blocking reagent and incubated with the samples
at room temperature for 30 min. Sections were incubated with
primary antibodies (1:100) overnight at 4°C and peroxidase
conjugated goat anti-rabbit IgG (1:200, TA140003; OriGene
Technologies, Inc.) at 4°C for 30 min. IHC staining-positive
areas were counted in 30 random cortex x400 high power fields
(HPFs) under an Olympus microscope (IXplore; Olympus
Corporation). Positive areas were measured using Image
Pro 6.0 software (Media Cybernetics, Inc.) and expressed as
percentage of positive areas per HPF.

Western blot analyses for transforming growth factor
(TGF)-pl-mediated Smad3 and Smad2 phosphorylation.
Human recombinant TGF-f1 (cat. no. 240-B; R&D Systems,
Inc.) was dissolved in deionized water supplemented with
0.1% BSA and 4 ym hydrochloric acid. After serum starving for
241,0.5 ng/ml TGF-f1 was added to HK2 cells (5x10° cells/ml)
at 37°C for 24 h. HK2 cells without TGF-p1 incubation were
set as control. Then, the HK?2 cells were harvested and lysed
using RIPA buffer (Applygen Technologies, Inc.). Protein
concentration was determined using the BCA method. A
total of 50 ug denatured protein per lane was separated
using 12% SDS-PAGE followed by the transfer onto PVDF
membranes (Bio-Rad Laboratories, Inc.) as described in an
established procedure (31,32). The primary antibodies used
(all, 1:100) were as follows: Anti-phosphorylated (p)-Smad2
(cat. no. 3108S); anti-p-Smad3 (cat. no. 95205); anti-Smad2
(cat.no. 5339S); and anti-Smad3 (cat. no. 9523S; Cell Signaling
Technology, Inc.). Samples were incubated with the PVDF
membranes at 4°C overnight. The antibody for the reference
[-actin was also purchased from Cell Signaling Technology,
Inc (cat. no. 3108S). The secondary antibody anti-rabbit IgG
(1:1,000; cat. no. 7074S; Cell Signaling Technology, Inc.)
was incubated with the membranes at room temperature for
1 h. Quantitation analysis of relative protein expression was
performed using ImagelJ 1. 53a (National Institutes of Health).

Western blot analyses for NGAL in NC-HK2 and KD-HK?2
cells. This procedure was similar to that aforementioned.
NC-HK?2 and KD-HK?2 cells were harvested and lysed
using RIPA buffer (Beijing Solarbio Science & Technology
Co., Ltd). The primary antibody was LCN (D4MSL) rabbit
monoclonal antibody (1:100; cat. no. 44058S; Cell Signaling
Technology, Inc.), and the secondary antibody was the same
as mentioned above.

MDA, GSH, SOD and catalase assay. The content of MDA,
GSH, SOD and catalase was measured using MDA content

1.5+
P<0.01

Relative mRNA level of NGAL

NC-HK2
NC-HK2

KD-HK2
KD-HK2

Figure 1. mRNA and protein levels of NGAL in NC-HK2 cells and
NGAL KD-HK?2 cells. NGAL, neutrophil gelatinase-associated lipocalin;
HK?2, human kidney 2; NC, negative control; KD, knockdown.

assay kit, GSH content assay kit, SOD content assay kit, and
CAT content assay kit (cat. nos. BC0025, BC1175, BC0170,
BC0200; Beijing Solarbio Science & Technology Co., Ltd.)
with the protocols provided from the supplier.

Statistical analysis. All values are expressed as the
mean =+ standard deviation. SPSS 25.0 (IBM Corp.) was used
for statistical analysis. The differences between two groups
were evaluated using Student's t-test. Comparison of the same
parameters among more than two groups was performed
using one-way ANOVA, followed by post-hoc Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Efficiency of NGAL knockdown in HK?2 cells. Both RT-qPCR
and western blotting demonstrated that the mRNA and protein
levels of NGAL in KD-HK?2 cells were significantly reduced
compared with those in NC-HK2 cells, which suggested
that the knockdown efficiency was satisfactory for further
experiments (Fig. 1).

NGAL knockdown enhances oxidative stress under hyper-
glycemia in vitro and in vivo. HG stimulation can induce
intracellular oxidative stress in HK2 cells. Compared with that
in NC-HK?2 cells, KD-HK?2 cells produced higher intracellular
ROS levels under HG stimulation, which was demonstrated
by flow cytometry (Fig. 2A and B). In addition, 3 months
after the establishment of diabetes in animals, fresh kidney
homogenate from diabetic mice was used to evaluate its oxida-
tion status. As represented in Fig. 2C-F, compared with the
findings in normal control animals, 3-months of diabetes led
to higher malonaldehyde (MDA) and lower glutathione (GSH)
levels, and lower activity of superoxide dismutase (SOD) and
catalase (CAT) in kidney tissues. Furthermore, NGAL" mice
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Figure 2. Oxidative stress measurement under glycemia in vitro and in vivo. (A) ROS test by flow cytometry in HK2 cells in vitro. (B) Quantitation of ROS
levels in HK2 cells. (C) MDA, (D) GSH, (E) SOD and (F) catalase concentration or IU in kidney tissues in normal control, DN-wild and DN NGAL" mice
in vivo. NGAL, neutrophil gelatinase-associated lipocalin; HK2, human kidney 2; ROS, reactive oxygen species; MDA, malonaldehyde; GSH, glutathione;
SOD, superoxide dismutase; DN, diabetic nephropathy; KD, knockdown; NC, negative control; HG, high glucose; NG, normal glucose.

showed higher oxidative stress in kidney tissues compared
with that of normal control, with higher MDA and lower
GSH levels, and lower activity of SOD and CAT in kidney
tissues (Fig. 2C-F).

NGAL knockdown in HK2 cells reduces the secretion of FN,
Col 1V and IL-6 under HG conditions. HG stimulation for 48 h
could significantly increase the secretion of FN, Col IV and
IL-6 on HK2 cells in vitro, as measured by ELISA, compared
with that of normal-glucose cultured cells (NG-NC-HK2 and
NG-KD-HK?2). This effect was shown in both HG-NC-HK?2
and HG-KD-HK?2 cells (Fig. 3). Compared with that of
HG-NC-HK2 cells, the concentration of FN, Col IV and IL-6
in the supernatant of HG-KD-HK2 cell culture medium was
significantly higher.

NGAL knockdown in HK?2 cells enhances the phosphoryla-
tion of Smad2/3 by TGF-f1 stimulation. TGF-f1 is a key
pro-fibrotic mediator, mainly via phosphorylation of Smad2/3.
Our preliminary study suggested that low dosage (0.5 ng/ml)
of TGF-P1 stimulation could produce moderate phosphoryla-
tion of Smad2/3. Therefore, 0.5 ng/ml TGF-B1 was used in the
current study. As shown in Fig. 4A and 4B, under the same
concentration of TGF-f1, the protein level of p-Smad2/3 in
high glucose treated KD-HK?2 cells was significantly higher
than that in NC-HK?2 cells treated with either normal or high
glucose. However, the total protein content of Smad2/3 did not
change markedly among the three groups.

NGAL” mice show rapid deterioration of renal func-
tion and serious glomerular and tubular injury upon the

establishment of diabetes. At 4 months, the BUN and Scr
levels were measured. Compared with that exhibited by
normal-control and DN-wild mice, DN-NGAL" mice showed
deterioration of renal function with higher BUN and Scr
levels, and albuminuria (Fig. 5A-C), but no significant differ-
ence in fasting blood glucose was found between wild-type
and NGAL” mice. By histopathological analysis, the tubular
injuries were noted to be more serious in NGAL” mice
compared with those in wild-type mice, which had severe
vacuolar degeneration in proximal tubules. By analyzing the
glomerular morphology, NGAL" mice were also observed to
have serious glomerular sclerosis, glomerular hypertrophy,
segmental and diffuse mesangial expansion compared with
the glomerular morphology of wild-type mice (Fig. SE-G).
In order to further understand the ultrastructural alterations,
TEM was performed to focus on the morphological changes
of podocytes. As shown in Fig. 5SH and I, the glomeruli
from normal control animals had clear and orderly arranged
foot processes; however, animals with DN exhibited severe
podocyte foot process effacement. Compared with that of
wild-type control mice, NGAL" mice showed more serious
foot process effacement, which partially explained their
higher albuminuria.

As shown in Fig. 6A, THC confirmed that knockout
NGAL" mice did not express NGAL in kidney tissues, while
normal mice showed light staining of NGAL and diabetic
animals showed strong NGAL staining in the kidney cortex,
mainly around tubular epithelial cells. FN staining was consis-
tent with the in vitro results, and glycemia induced higher FN
levels in the glomeruli, and DN-NGAL" mice exhibited higher
FN deposit compared with that in DN-wild group (Fig. 6B).
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Figure 3. Concentration of FN, Col IV and IL-6 in the supernatant of HK?2 cells stimulated by HG, as measured by ELISA. FN, fibronectin; Col IV, collagen IV;
IL-, interleukin; HK2, human kidney 2; HG, high glucose; NG, normal glucose; NC, negative control; KD, knockdown.

A TGF-B1 (0.5 ng/ml) B « ] p<0.01
NC-HK2-NG NC-HK2-HG KD-HK2-HG g 3
5
pomacd | S © ¢
3
: £ 14
Total smad3 [ . §
p-smad2 | M— “ &
&
Total smac | S—
8 P<0.01 s
[z 24 = =,
g L
2 s
£ 0
a i
= ©
& &
¥ &

Figure 4. Protein level of total and p-Smad2/3 in human kidney 2 cells induced by TGF-f1, as determined by western blotting. (A) Representative pictures
of western blotting; (B) quantitation analysis of relative protein expression. p-, phosphorylated; TGF, transforming growth factor; NC, negative control;
HK?2, human kidney 2; LG, low glucose; HG, high glucose; KD, knockdown.
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area and 50 ym for glomerular area. (F and G) Glomerulosclerosis score and tubular injury score, respectively. (H) Transmission electron microscopy (scale
bar, 500 nm) and (I) podocyte injury score. NGAL, neutrophil gelatinase-associated lipocalin; BUN, blood urea nitrogen; DN, diabetic nephropathy.
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Figure 6. NGAL knockout exacerbates FN deposition in glomeruli in vivo, as analyzed by IHC. (A) NGAL expression in renal cortex, as detected by IHC,
which confirmed that NGAL was not expressed in NGAL™ mice, scale bar, 200 ym. (B) FN deposit in glomeruli, as detected by IHC in the three groups, scale
bar, 50 ym. IHC, immunohistochemistry; FN, fibronectin; NGAL, neutrophil gelatinase-associated lipocalin; DN, diabetic nephropathy.

Discussion kidney injury (33). However, its role in the pathophysiology and

disease progression of chronic kidney dysfunctions, particu-
The majority of studies on NGAL have focused on its role in  larly DN, remains unclear. Since NGAL is mostly produced
AKI, and NGAL seems to be a potential biomarker to predict by proximal tubular epithelial cells, in the present study, the
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human tubular cell line HK2 was selected to investigate the
effects of NGAL knockdown by RNA interference.

Oxidation plays a detrimental role in the progression of
DN (34). In the current study, HG incubation caused higher
ROS production in HK?2 cells, and diabetic mice also showed
higher oxidative stress in kidney tissues compared with that in
normal mice. Flow cytometry suggested that NGAL signifi-
cantly reduced ROS production under HG stimulation. Higher
oxidative stress was also found in the kidney of NGAL" mice
compared with that of wild-type mice, evidence by the ROS,
MDA, GSH, SOD and catalase results. Therefore, it is hypoth-
esized that this is one of the mechanisms by which NGAL
slows down the progression and deterioration of DN.

Chronic inflammation is another detrimental factor that
can accelerate DN progression (35). NGAL is regarded an
inflammatory mediator secreted by neutrophils to play a role
in the early stage of acute inflammation (36). However, DN
is associated with chronic inflammation; thus, the role of
NGAL in the chronic inflammation of DN requires further
investigation. In the current study, HG stimulation produced
higher IL-6 levels in HK?2 cells, and IL-6 has been demon-
strated to be positively associated with DN progression
and severity in a previous study (31). In addition, NGAL
increased the production of IL-6 under HG stimulation. IL-6
is an important enhancer of chronic inflammation and its
expression has been considered an important mediator of DN
progression (37).

Previous studies have demonstrated that NGAL has a
protective effect on experimental AKI, including LPS-induced
AKT and cisplatin-induced AKI (38) by suppressing apoptosis
via inhibition of caspase 3 activation (39). However, its role
in DN remains unclear. The major characteristics of DN
pathology include glomerulosclerosis, tubular epithelial cell
necrosis and apoptosis, and the present study suggests that
NGAL knockout may enhance these pathological injuries, and
facilitate the progression of DN.

IHC of NGAL confirmed that diabetes could induce
NGAL expression in the tubular area of kidney tissues, and
also confirmed that NGAL was not expressed in knockout
mice. Fibrosis is an important driving factor for glomerulo-
sclerosis. In vitro, under HG and TGF-f1 stimulation, HK2
cells with NGAL knockdown produced higher levels of extra-
cellular matrix proteins, such as FN and Col IV, which are
major components of the ECM. In vivo results also showed
that knockout NGAL caused increased secretion of matrix
proteins. Regarding the underlying mechanism of inhibiting
fibrosis, the present study demonstrated that NGAL™ could
promote Smad2/3 phosphorylation, which is considered a key
process in the TGF-f1 stimulation signaling pathway (40).
The detailed mechanism by which NGAL cross talks with
the TGF-Smad signaling pathway remains unclear and needs
further study.

The limitation of the present study is that the mouse
NGAL and the human NGAL sequences do not share close
homogeneity; therefore, the bioactivities observed in mice may
be different from those of humans.

In conclusion, by NGAL knockdown in vitro and by
knockout in vivo, the renal protective effect of NGAL was
confirmed under glycemia conditions. However, its detailed
mechanism requires further investigation.
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