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Abstract: Diabetes and its renal complications are major medical challenges worldwide. There are no effective 
drugs currently available for treating diabetes and diabetic kidney disease (DKD), especially in type 1 diabetes 
(T1D). Evidence has suggested that niclosamide ethanolamine salt (NEN) could improve diabetic symptoms in mice 
of type 2 diabetes (T2D). However, its role in T1D and DKD has not been studied to date. Here we report that NEN 
could protect against diabetes in streptozotocin (STZ) induced T1D mice. It increased serum insulin levels, corrected 
the unbalanced ratio of α-cells to β-cells, and induced islet morphologic changes under diabetic conditions. In ad-
dition, NEN could impede the progression of DKD in T1D. Specifically, it reduced urinary albumin levels, NAG, NGAL 
and TGF-β1 excretion, ameliorated renal hypertrophy, alleviated podocyte dysfunction, and suppressed the renal 
cortical activation of mTOR/4E-BP1 signaling pathway. Moreover, it is hepatoprotective and does not exhibit heart 
toxicity. Therefore, these findings open up a completely novel therapy for diabetes and DKD.
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Introduction

The incidence and prevalence of diabetes have 
increased markedly throughout the world [1,  
2]. As one of the most frequent complication of 
both types of diabetes, diabetic kidney disease 
(DKD) has become the leading cause of chronic 
kidney disease [3]. As such, the prevention and 
control of diabetes and its renal complication 
has become a major medical challenge [4]. 
However, no effective drugs are currently avail-
able for treating DKD, especially in type 1 dia-
betes (T1D).

T1D and type 2 diabetes (T2D) are character-
ized by pancreatic β-cell loss and dysfunction 
[5]. Although the etiology and pathogenesis 
underlying these conditions are distinct, they 
share hyperglycemia, similar clinical symptoms, 
and common pathological characteristics and 
complications. Of note, epidemiologic data sug-
gest that diabetes is closely associated with 
many forms of cancer [6]. Moreover, some me- 

dications used to treat hyperglycemia exhibit 
obvious anticancer effects. As a first line anti-
diabetic agent, metformin could suppress glio-
ma cell proliferation by inhibiting mTOR/4EBP1 
activity [7, 8]. The mTOR/4EBP1 signaling path-
way is not only crucial for cancer cell prolifera-
tion and growth, but it has also been implicat- 
ed in diabetes and DKD [9, 10]. Although ac- 
cumulating evidence has confirmed the effects 
of various antidiabetic medications on cancer 
incidence and mortality, but on the other hand, 
the effects of anticancer therapies on diabetes 
have rarely been studied [11]. Careful screening 
for anticancer drugs might improve diabetes is 
necessary and meaningful.

Niclosamide is an FDA approved antihelmintic 
drug [12]. Recently, a series of studies demon-
strated that niclosamide exhibits antitumor ac- 
tivity in acute myelogenous leukemia [13], colon 
cancer [14], glioblastoma [15], lung cancer  
[16], breast cancer [17] and ovarian cancer 
[18]. In addition, niclosamide could modulate 
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dendritic cells activation and function [19], 
inhibit Zika virus replication [20], ameliorate 
joint inflammation [21], prevent systemic scle-
rosis [22] and improve sclerodermatous graft-
versus-host disease [23]. Moreover, niclosa- 
mide is an efficacious mTOR inhibitor which 
may serve as a potential antidiabetic drug [24, 
25]. Niclosamide ethanolamine salt (NEN) is 
the salt form of niclosamide, it is more water 
soluble. Interestingly, it improved diabetic sy- 
mptoms in db/db mice by inducing mild mito-
chondrial uncoupling [26]. However, its role in 
T1D and DKD has not been studied.

The present study was performed to determine 
the role of NEN in T1D and DKD, and investi-
gate the potential mechanisms behind these 
effects.

Materials and methods

Mice

Animal studies were approved by the Guang- 
zhou University of Chinese Medicine Institu- 
tional Animal Care and Use Committee and 
were performed under protocols in accordance 
with relevant guidelines and regulations. Eight-
week old specific pathogen free male C57BL/ 
6J mice (18-22 g) obtained from Guangdong 
Medical Laboratory Animal Center were ran-
domly allocated into three groups (n=8-10 per 
group): the T1D control (T1D-ctrl), STZ, and STZ 
+ NEN groups. STZ (200 mg/kg, Sigma-Aldrich, 
St. Louis, MO) was dissolved in citrate buffer 
(pH 4.6) and injected once intraperitoneally. 
After one week, mice with fasting blood glucose 
concentration over 16.7 mmol/l were consid-
ered as diabetic mice. T1D-ctrl mice we- 
re injected intraperitoneally with an equal vol-
ume of vehicle. T1D-ctrl and STZ groups were 
fed with regular diet, and the STZ + NEN group 
were fed a regular diet supplemented with 10 
g/kg NEN. The treatment started 1 week after 
STZ injection and lasted 8 weeks. NEN was  
purchased from Hubei ShengTian HengChuang 
Biotech Co., Ltd (Wuhan, China).

Physiological and metabolic parameters

Fasting blood glucose was measured using 
blood glucose meter (Roche, Basel, Switzer- 
land). Urine was collected using metabolic 
cages (Tecniplast, Buguggiate, Italy). At the end 
of the experiment, mice were sacrificed, then 
blood samples, pancreas, and kidney tissues 

were collected. HbA1C levels were measured 
using an Ultra2 HbA1C Analyzer (Primus, Kansas 
City, MO). Urine and serum biochemical indic- 
es (urine glucose and NAG, serum creatinine, 
urea, ALT, AST, TP, ALB, CK and LDH) were de- 
tected using automatic biochemical analyzer 
(Roche, Basel, Switzerland). 

Tissue preparation 

Immediately after the mice were sacrificed, the 
pancreas and kidneys were dissected, weighed, 
and rinsed in phosphate buffered saline (PBS). 
Then, 10% formalin-fixed pancreas and kidney 
tissues were used for histopathological exami-
nation and immunofluorescence staining. The 
renal cortex (sized 1 mm3) was fixed in 2.5% 
glutaraldehyde and then post-fixed in 1% os- 
mic acid for electron microscopy. The remain-
ing renal tissues were immediately snap-frozen 
in liquid nitrogen and stored at -80°C for later 
analysis.

Light microscopy 

Paraffin-embedded pancreas sections (3 μm) 
were stained with H&E to measure the mean 
islet area. Kidney sections (4 μm) were stained 
with Periodic acid-Schiff (PAS) to evaluate renal 
morphological changes. In each pancreas sec-
tion, 4-10 photographs were selected to calcu-
late the mean islet area. A total of 30-50 renal 
glomerular tuft areas (GTAs), 20-30 renal glo-
merular mesangial matrix areas, 40-110 proxi-
mal renal tubular (PAS staining possessing 
brush border) areas and tubular lumen areas 
(axial ratio less than 1.5) were measured using 
NIS-Elements imaging software Version 4.10 
(Nikon, Tokyo, Japan). The renal glomerular tuft 
volume (GTV) was calculated using the meth- 
od developed by Weibel as previously describ- 
ed [27]. The tubular wall area was calculated  
by subtracting the tubular lumen area from the 
renal tubular area. 

Electron microscopy (EM)

Image J software was used to analyze the ima- 
ges collected by EM (JEM-1400, JEOL, Tokyo, 
Japan). A total of 9-14 photographs in each 
sample were selected to measure the glome- 
rular basement membrane (GBM) and tubular 
basement membrane (TBM) thickness using 
the grid intersect method. In addition, 6-10 
photographs in each sample were selected to 
determine the foot process width (FPW), which 
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is described in nanometers. The average podo-
cyte FPW was calculated using a previously 
described method [27].

Immunostaining analysis 

Briefly, pancreas and kidney slices were de- 
paraffinized and rehydrated. Then, they were 
subjected to antigen retrieval by boiling in citric 
acid buffer (pH 6) for 20 min. After rinsing three 
times with PBS, the pancreas sections were 
incubated with primary antibodies against in- 
sulin (1:400) and glucagon (1:500), and the kid-
ney sections were incubated with primary anti-
bodies against nephrin (1:50) and synaptopo- 
din (1:50) overnight at 4°C. The sections were 
then washed with rinse buffer, and incubated 
for 1 hour at room temperature with Alexa 
Fluor-conjugated secondary antibodies. The re- 
sulting images were visualized and captured  
on a confocal microscope (LSM710, Carl Zeiss, 
Oberkochen, Germany). A total of 4-10 photo-
graphs were randomly selected in each pan-
creas section to calculate the insulin- and glu-
cagon-positive area. The insulin antibody was 
from Cell Signaling Technology (Danvers, MA) 
and the glucagon antibody was from abcam 
(Cambridge, U.K.). The nephrin and synapto- 
podin antibodies were from Progen (Heidelburg, 
Germany).

ELISA

Serum insulin (Merck Millipore, Danvers, MA), 
serum glucagon (R&D Systems, Minneapolis, 

MN), urine albumin (Bethyl Laboratories), urine 
TGF-β1 (R&D Systems, Minneapolis, MN) and 
NGAL (R&D Systems, Minneapolis, MN) were 
detected by ELISA according to the manufac-
turer’s instructions. 

Immunoblotting analysis

Snap-frozen kidney tissues were homogenized 
in lysis buffer and prepared in sample loading 
buffer (Bio-Rad, Hercules, CA). The proteins 
were separated on SDS-PAGE gels and trans-
ferred to polyvinylidene difluoride (PVDF) mem-
branes (Merck Millipore, Danvers, MA). After 
blocking in TBS buffer containing 5% nonfat dry 
milk for 1 h at room temperature, the mem-
branes were incubated and gently shaken over-
night at 4°C with primary antibodies. After wa- 
shing with TBS, the membranes were incubat-
ed with secondary antibodies for 1 h at room 
temperature with shaking. After washing, the 
protein bands were detected and analyzed by  
a ChemiDocTM MP Imaging System (Bio-Rad, 
Hercules, CA). β-actin or α-tubulin were used  
as the loading control. The results are express- 
ed as the integrated optical density relative to 
β-actin or α-tubulin. Primary antibodies against 
p-mTOR (Ser2448) (1:1000), mTOR (1:1000), 
p-4E-BP1 (Thr37/46) (1:1000), p-4E-BP1 (Thr- 
70) (1:1000), total 4E-BP1 (1:1000), and α- 
tubulin (1:1000) were from Cell Signaling Te- 
chnology (Danvers, MA). The nephrin antibody 
(1:500) was from Progen (Heidelburg, Germany) 
and the β-actin antibody (1:10000) was from 
Sigma Aldrich (St. Louis, MO). 

Figure 1. NEN protects against hyperglycemia and improves diabetic symptoms in mice. A-G. In T1D-ctrl, STZ, and 
STZ + NEN group mice, NEN treatment started when T1D was established (1 week after STZ injection). After 8 
weeks of treatment, indicators of glucose metabolism and diabetic symptoms were evaluated. A. Fasting blood 
glucose. B. Glycated HbA1c. C. Urinary glucose. D. Water consumption. E. Urine volume. F. Food intake. G. Feces pro-
duction. n=6-8 per group. ***P<0.001 vs. the control group. #P<0.05, ##P<0.01 and ###P<0.001 vs. the STZ group. 
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Statistical analysis

Data are expressed as mean ± SD. Statistical 
differences between two groups were analyzed 
using unpaired Student’s t tests. Differences 
among multiple groups were analyzed using 
one-way ANOVA. Statistical analyses were per-
formed using SPSS statistical software, version 
16.0, and P<0.05 was considered statistically 
significant. 

Results

NEN protects against hyperglycemia and im-
proves diabetic symptoms in T1D

We first investigated the effects of NEN on 
blood glucose and metabolic symptoms that 
are recognized as the diagnostic criteria for dia-
betes. Compared with control mice, T1D STZ 
mice exhibited higher fasting blood glucose, 
glycated HbA1c, and urinary glucose levels at 8 
weeks. NEN significantly reduced these indices 
in T1D after 8 weeks treatment (Figure 1A, 1C).

the mean islet area was reduced significantly 
(Figure 2C, 2G). Insulin (red) and glucagon 
(green) coimmunostaining revealed that the 
insulin-positive area in the islets was decreased, 
the glucagon-positive area was increased, and 
the glucagon/insulin area ratio was increased 
obviously (Figure 2D-F, 2H). NEN treatment 
raised serum insulin levels and the insulin-pos-
itive area (Figure 2A, 2D). Although NEN did not 
significantly influence serum glucagon levels 
and the glucagon-positive area in islets (Figure 
2B, 2E), it significantly increased the mean islet 
area and restored the glucagon: insulin area 
ratio (Figure 2C, 2F). 

NEN reduces urinary albumin, NAG, NGAL, and 
TGF-β1 excretion

Albuminuria is an early clinical manifestation  
of DKD and reflects glomerulopathy. Therefore, 
we next measured urinary albumin excretion  
to verify the renal protective effects of NEN in 

Figure 2. NEN improves pancreatic islet function. (A) Serum insulin (n=6-8 per group) and (B) serum glucagon (n=5 
per group) levels were assessed in T1D diabetic model at the end of the study. (G) Pancreatic H&E staining was 
performed to measure the mean islet area. Scale bars, 25 μm. (C) Bar graphs denote the quantification and sta-
tistical analysis of the mean islet area in different groups (n=4-8 per group). (H) Insulin (red) and glucagon (green) 
coimmunostaining was performed on pancreatic sections to assess the percentage of insulin- and glucagon-pos-
itive area per islet. Scale bars, 25 μm. (D-F) The quantification and statistical analysis of the insulin-positive area, 
glucagon-positive area, and glucagon: insulin area ratio in different groups (n=4-6 per group). *P<0.05, **P<0.01, 
and ***P<0.001 vs. the control group. #P<0.05, ##P<0.01 and ###P<0.001 vs. the STZ group. 

Figure 3. NEN reduces urinary albumin, NAG, NGAL and TGF-β1 excretion. A. 
Urinary albumin excretion (μg/24 h) in different groups of mice at 4 weeks 
and 8 weeks after the onset of T1D. B-D. Urinary NAG, NGAL and TGF-β1 
excretion at 8 weeks in the T1D model. n=6-8 per group. ***P<0.001 vs. 
the control group. #P<0.05, ##P<0.01 and ###P<0.001 vs. the STZ group. 

STZ group mice displayed typi-
cal diabetic symptoms includ-
ing polydypsia, polyuria, poly-
phagia, and increased feces 
production at 8 weeks. NEN ob- 
viously improved these meta-
bolic symptoms (Figure 1D-G). 

NEN increases serum insulin, 
corrects the unbalanced ratio 
of α to β-cells, and induces 
islet morphologic changes 
under diabetic conditions

Pancreatic islet dysfunction 
plays a critical role in diabetes 
progression. Therefore, we ex- 
plored the impact of NEN on 
the pancreas. At 8 weeks, mice 
in STZ group exhibited decrea- 
sed serum insulin and increa- 
sed glucagon levels (Figure 
2A, 2B). Hematoxylin and 
eosin (H&E) staining showed 
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DKD. Compared with control mice, urinary albu-
min excretion was increased significantly in STZ 
group mice, and reduced significantly by NEN 
treatment (Figure 3A). Urinary NAG (N-acetyl-β-
d-glucosamine-dase), NGAL (neutrophil gelatin-
ase-associated lipocalin) and TGF-β1 excretion 
were also increased remarkably at 8 weeks in 
STZ mice. NEN treatment significantly reduced 
these urinary biomarkers (Figure 3B-D). In addi-
tion, as shown in Table 1, serum creatinine and 
urea levels indicated that NEN did not signifi-
cantly affect renal function in diabetic model. 

NEN decreases enlarged diabetic kidney and 
ameliorates glomerular and tubular hypertro-
phy

Renal hypertrophy is the main pathological 
characteristic of early diabetes. Therefore, we 
examined the impact of NEN on renal patho-
logic alterations. As shown in Figure 4A, the 
body weight of mice in the STZ group was 
reduced significantly at 8 weeks. Out of propor-
tion to the altered body weight, the kidney 
weight was similar to that of mice in the control 
group (Figure 4B). However, the kidney: body 
weight ratio in STZ mice increased obviously 
and NEN treatment reduced it significantly 
(Figure 4C). 

As shown in Figure 4D, 4E, mice in STZ group 
mice displayed larger GTA and bigger GTV, and 
NEN treatment reversed these changes to a 
nearly normal state. Although there was no sig-
nificant difference in these tubular alterations 
between the STZ and control group (Figure 
4F-H). NEN therapy significantly reduced the 
size of the proximal tubule (Figure 4F-H). A pre-
vious study demonstrated that the glomeruli 
comprise a small proportion of the kidney and 
that tubule growth is the largest contributor to 

and GBM thickening. So we measured the 
mesangial matrix fraction and GBM thickness 
to further confirm the effects of NEN on glomer-
ular size. At the end of the study, PAS staining 
revealed that mesangial matrix fraction 
increased significantly in STZ mice (Figure 5A, 
5D). Electron microscopy (EM) photographs 
(Figure 5B) also revealed that significant me- 
sangial matrix accumulation and expansion. 
NEN treatment diminished the mesangial 
expansion significantly (Figure 5A, 5B, 5D). As 
shown in Figure 5C, 5E, the GBM thickened sig-
nificantly in STZ mice and NEN attenuated 
these changes.

NEN alleviates podocyte dysfunction

Podocyte injury is a key determinant of albu-
minuria and a critical factor in DKD progres-
sion. The ability of NEN to reduce albuminuria 
suggested that it might exert protective effects 
on podocytes. To further elucidate the impacts 
of NEN on podocyte dysfunction, we measured 
podocyte FPW and explored nephrin alteration 
in kidney. The FPW was wider in STZ mice com-
pared with control group mice (Figure 6A, 6B), 
and the slit diaphragm seemed to aggregate 
and distort (Figure 6B). NEN treatment reduc- 
ed the size of the FPW and improved the slit 
diaphragm morphological alterations (Figure 
6A, 6B). 

Nephrin is the first identified slit diaphragm 
component that plays a key role in podocyte 
dysfunction [29]. In the T1D diabetic model, 
immunoblotting revealed that the nephrin con-
tent in renal cortical homogenates was in- 
creased significantly (Figure 6C, 6D). Under 
normal conditions, nephrin colocalized appro-

Table 1. Changes in serum biochemical indices in various 
groups

T1D-ctrl STZ STZ + NEN
Creatinine (μmol/L) 13.2±4.4 15.3±4.6 14.4±4.6
Urea (mmol/L) 13.3±1.6 16.9±3.4** 13.2±2.0#

ALT (U/L) 38.2±11.5 60.4±19.6** 40.1±7.5##

AST (U/L) 152.8±74.0 178.2±60.5 140.1±33.1
TP (g/L) 60.7±2.1 50.0±2.4*** 54.4±2.9##

ALB (g/L) 40.1±1.7 33.1±2.6*** 37.7±2.9##

CK (U/L) 1606.1±569.2 1762.8±675.3 1406.4±496.0
LDH (U/L) 692.3±144.2 622.4±168.9 515.2±79.5
Data are shown as mean ± SD, n=6-8 per group, **P<0.01 and ***P<0.001 vs. 
the T1D-ctrl group. #P<0.05 and ##P<0.01 vs. the STZ group.

renal hypertrophy [28]. The cur-
rent results also revealed that the 
renal tubular alterations were con-
sistent with the variation of kidney 
weight when considering the body 
weight. Images of the kidneys and 
PAS staining showed these char-
acteristics in each group (Figure 
4I-K).

NEN reduces glomerular mesan-
gial expansion and attenuates 
GBM thickening

Glomerular hypertrophy is charac-
terized by mesangial expansion 
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Figure 4. Effects of NEN on body weight, diabetic kidney weight, and glomerular and proximal tubule size. (A) Body 
weight, (B) kidney weight, and (C) kidney: body weight ratio in each group mice at the end of the study. (I) Repre-
sentative kidney images. Scale bars, 0.5 cm. (D, E) Bar graphs indicating the GTA and GTV of each group in the 
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priately with synaptopodin along the membrane 
of the podocytes. However, under diabetic con-
ditions, it failed to colocalize well with synapto-
podin (Figure 6E). The confocal microscopic 
analysis of the renal glomeruli indicated that 
nephrin was scattered, with granular aggrega-
tion and cytoplasm localization in STZ group 
(Figure 6F). NEN treatment reduced the neph-
rin content and restored these abnormal pa- 
thological alterations to a nearly normal state 
(Figure 6C-F).

NEN attenuates the thickened proximal renal 
TBM

The TBM thickening of nonatrophic tubules is 
apparent in early diabetes and it becomes 
more conspicuous as diabetes progresses. At 

the end of the experiment, the TBM was thick- 
er in STZ group mice and NEN made it thinner 
significantly (Figure 7A, 7B). The microvilli sh- 
own in Figure 7A indicated hat the TBM was 
located on proximal renal tubules.

NEN suppresses the renal cortical activation 
of mTOR/4E-BP1

The mTOR/4EBP1 signaling pathway is impli-
cated in diabetes and DKD progression. Co- 
mpared with control mice, mice in STZ group 
expressed higher renal cortical levels of p- 
mTOR (Ser2448), p-4E-BP1 (Thr37/46), p-4E-
BP1 (Thr70), and total 4E-BP1, as determined 
by western blotting. NEN treatment suppress- 
ed the activation of these proteins (Figure 8). 
TGF-β1 promotes renal cell hypertrophy and 

T1D diabetic model. (J) PAS staining for the glomerulus. Scale bars, 50 μm. (F-H) Bar graphs indicating the proximal 
tubular area, lumen, and wall area in each group. (K) PAS staining for the renal tubules. Scale bars, 25 μm. n=6-8 
per group. *P<0.05 and ***P<0.001 vs. the control group. #P<0.05, ##P<0.01, and ###P<0.001 vs. the STZ group. 

Figure 5. NEN diminishes glomerular mesangial expansion and attenuates GBM thickening. A. Kidney sections 
stained with PAS to measure the mesangial matrix fraction at the end of the experiment. Scale bars, 25 μm. D. Bar 
graphs representing the quantification and statistical analysis of the data. n=4 per group. B. Typical EM photographs 
showing obvious mesangial matrix accumulation and expansion. MM, mesangial matrix. Scale bars, 2 μm. C. Rep-
resentative EM images of the GBM. The arrowheads indicate the thickness of the GBM. Scale bars, 500 nm. E. Bar 
graphs showing the quantification and statistical analysis of the data. n=5-8 per group. *P<0.05 vs. the control 
group. #P<0.05 and ##P<0.01 vs. the STZ group.
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the accumulation of extracellular matrix com-
ponents. The mTOR/4E-BP1 signaling pathway 

can also be activated by TGF-β and induce cell 
growth. The ability of NEN to lower urinary TGF-

Figure 6. NEN alleviates podocyte dysfunction. A. Glomerular podocyte EM images were used to measure the FPW. 
The arrowheads indicate slit diaphragm morphological alterations. Scale bars, 200 nm (left) and 100 nm (right). B. 
Bar graphs showing the FPW results. n=6-8 per group. C. Western blot images showing nephrin expression in renal 
cortical homogenates. Original full-size blots are presented in supplementary Figure S1. D. Bar graphs showing the 
fold-increase in nephrin expression normalized to the internal control α-tubulin. n=4 per group. E. Synaptopodin 
(red) and nephrin (green) coimmunostaining in kidney sections was performed to determine the localization of 
nephrin. The arrowheads demonstrate that nephrin failed to colocalize well with synaptopodin. Blue, DAPI staining 
of the nucleus. Scale bars: from left to right, 15 μm, 15 μm, 15 μm, 5 μm. F. Representative confocal immunofluo-
rescence images of nephrin staining. The arrowheads show that nephrin in the renal glomeruli exhibited scattered 
granular aggregation and localization to the cytoplasm in STZ group. Blue, DAPI staining of the nucleus. Scale bars: 
left, 15 μm; right, 5 μm. *P<0.05 and ***P<0.001 vs. the control group. #P<0.05 vs. the STZ group. 

http://www.ajtr.us/files/ajtr0071304suppldata.pdf
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β1 levels well explained its inhibitory effect on 
renal mTOR/4EBP1 pathway, and these results 
further support a renal protective role for NEN. 

NEN is hepatoprotective and does not exhibit 
heart toxicity

As shown in Table 1, serum CK and LDH levels 
indicate that NEN does not exhibit cardiac tox-
icity. Moreover, biochemical indices of hepatic 
function demonstrated that NEN exerts hepa- 
toprotective effects, and especially targeting  
to ALT in the diabetic model. 

Discussion

Here, we report a novel role for NEN in protect-
ing against diabetes and DKD in STZ induced 
mouse model of T1D. In this study, NEN treat-
ment reversed hyperglycemia and improved 
diabetic symptoms in the diabetic model.

Pancreatic β cell loss and dysfunction are cen-
tral to diabetes. Therefore, we assessed serum 
insulin levels, measured the islet size, and eval-
uated the insulin area in pancreatic islets. In 
STZ-induced T1D mice, NEN treatment for 8 
weeks significantly increased serum insulin lev-
els, islet size, and the islet insulin area. These 

changes could explain the hypoglycemic eff- 
ects of NEN in T1D. 

An increasing amount of data have indicated 
that islet α-cells and glucagon play critical role 
in diabetes, and hyperglucagonemia is present 
in all types of diabetes [30-33]. Consistent with 
previous studies, serum glucagon levels were 
increased significantly in the current study. The 
glucagon area in islets also expanded signifi-
cantly. The current findings also revealed that 
the α-cell to β-cell mass ratio in islets was 
increased significantly in STZ group mice. NEN 
restored the imbalanced α-cells to β-cell ratio, 
without obviously altering serum glucagon lev-
els and the glucagon area in islets. This sug-
gests that the protective effects of NEN on dia-
betes occur largely by improving β-cell function 
or inducing an α-to-β-like cell conversion. 

The current results also demonstrated that 
NEN could impede the progression of DKD. 
Early DKD is characterized by albuminuria, 
increased excretion of urinary NAG, NGAL and 
TGF-β1, mesangial expansion, glomerular and 
renal tubular hypertrophy, and GBM and TBM 
thickening. NEN administration significantly re- 
duced albuminuria, decreased urinary excre-
tion of NAG, NGAL, and TGF-β1, and attenuated 

Figure 7. NEN attenuates the 
thickened proximal renal TBM. A. 
Representative EM images of the 
TBM in each group mice. MV, mi-
crovilli. The microvilli indicate that 
the TBM is localized on proximal 
renal tubules. The arrowheads 
show the thickness of the TBM in 
different groups. Scale bars: left, 5 
μm; middle, 2 μm; right, 500 nm. 
B. Bar graphs showing the mea-
sured TBM thickness. n=3-4 per 
group. *P<0.05 vs. the control 
group. #P<0.05 vs. the STZ group. 
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glomerular and tubular injury. As a transmem-
brane podocyte protein, nephrin plays a crucial 
role in the interpodocyte slit membrane struc-
ture and renal filtration barrier [34]. In T1D STZ 
rats and nonobese diabetic mice, nephrin-spe-
cific mRNA levels increase obviously at an ear- 
ly stage [35]. In diabetic db/db mice, nephrin 
protein in kidney cortex increased significantly 
detected by immunoblotting [36]. Consistent 
with these previous studies, the current immu-
noblotting results revealed that nephrin levels 
were increased significantly in the renal cortex. 

Under normal conditions, most nephrin colocal-
ized well with synaptopodin which is abundant 
in the vicinity of podocyte membranes. How- 
ever, under diabetic conditions, confocal mi- 
croscopy indicated that nephrin exhibited scat-
tered aggregation and was mislocated to the 
cytoplasm in glomeruli. NEN treatment reduced 
the nephrin content and improved the patho-
logical alterations to a near normal state. In 
contrast, other studies reported that glomeru-
lar nephrin expression is reduced significantly 
in diabetes [37, 38]. These contradictory results 

Figure 8. NEN inhibits mTOR/4E-BP1 signaling in the renal cortex. A. Western blot images of p-mTOR (Ser2448), 
mTOR, p-4E-BP1 (Thr37/46), p-4E-BP1 (Thr70), and total 4E-BP1 in the renal cortex of mice in each group. Origi-
nal full-size blots are presented in Figure S2. B-F. Bar graphs showing the fold-increase in protein expression after 
normalization to the internal control β-actin. n=4 per group. *P<0.05, **P<0.01 and ***P<0.001 vs. the control 
group. #P<0.05 and ##P<0.01 vs. the STZ group.

http://www.ajtr.us/files/ajtr0071304suppldata.pdf
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may due to a variety of underlying causes, such 
as diversity in species, duration of diabetes, 
and different detection methods.

Another major finding in this study is that NEN 
suppressed the abnormal activation of the 
mTOR/4E-BP1 signaling pathway in the renal 
cortex. The mTOR/4E-BP1 signal pathway can 
be activated by TGF-β and contributes to matrix 
protein production and cell growth [39]. In the 
current study, NEN significantly reduced urinary 
TGF-β excretion which could explain its ability  
to inhibit mTOR/4E-BP1. The genetic deletion of 
the mTOR complex in mouse podocytes induc- 
ed proteinuria and progressive glomeruloscle-
rosis. In contrast, the excessive activation of 
mTOR is accompanied by DKD, and inhibiting 
mTOR can protect podocytes and prevent pro-
gressive DKD [40, 41]. A previous study demon-
strated that treating podocytes with rapamycin 
significantly downregulated nephrin [42]. This 
suggests that NEN could lower nephrin levels 
by inhibiting mTOR. However, the explicit mech-
anism still needs further investigation.

In addition, NEN does not exhibit heart toxicity 
and is hepatoprotective. Therefore, it might be 
a promising antidiabetic drug without potential 
side effects. It is worth considering whether the 
renal protective effects of NEN depend on its 
hypoglycemic effects. A recent study revealed 
that phosphate niclosamide (the water-soluble 
form of niclosamide) significantly reduced pro-
teinuria, glomerulosclrotic lesions, and intersti-
tial fibrosis in a murine model of adriamycin 
nephropathy. In addition, it ameliorated estab-
lished renal interstitial fibrosis a murine model 
of unilateral ureteral obstruction [43]. These 
studies suggest that NEN exerts direct renal 
protective effects, but these observations need 
further validation. Taken together, these find-
ings introduce a completely novel therapy for 
diabetes and DKD.
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