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Abstract: Although glomerular and vascular damage have been considered the main characteristics of diabetic 
kidney disease (DKD), accumulating data now indicate that tubular atrophy also plays a major role. Cathepsin D 
(CatD) is the major aspartate protease within lysosomes. The current study demonstrated that CatD expression was 
altered in the renal tubular epithelium in patients with diabetes mellitus (DM). In contrast to its low and uniform 
distribution in the tubular epithelium in normal kidney tissues, CatD demonstrated flecked and increased expres-
sion in tubules with relatively integral structures, and disappeared in disordered tubules in DM kidney tissues. In 
vitro studies demonstrated that CatD protected HK2 cells from the damage induced by high glucose and advanced 
glycation end-products (AGEs), independent of its enzymatic activity. In addition, the current study demonstrated 
that AGEs induced lysosome membrane permeabilization (LMP) and loss of mitochondrial membrane potential 
(MMP). Overexpression of CatD prevented LMP and maintained the MMP in HK2 cells exposed to AGEs. In addition, 
the catalytic activity of CatD was not required for its role in LMP prevention and MMP maintenance. These results 
indicate, for the first time that CatD may improve the viability of renal tubular cells in the presence of diabetic media-
tors independent of its enzymatic activity by preventing LMP and stabilizing the MMP. 

Keywords: Cathepsin D, diabetic mellitus, tubular epithelial cell, lysosome membrane permeabilization, mitochon-
drial membrane potential

Introduction

Diabetic kidney disease (DKD) is one of the 
leading causes of end-stage renal disease 
(ESRD), the prevalence of which has gradually 
increased in recent years [1]. Pathological ch- 
anges in DKD include glomerular hyperfiltra-
tion, abnormal permeability of the glomerular 
sieve to albumin, and cellular and extracellular 
changes in the glomerulus and tubulointersti-
tium, causing renal dysfunction and ultimately 
developing into ESRD [2]. As in most chronic 
renal diseases, even if the primary damage is 
restricted to the glomerulus, injury to the renal 
tubule and interstitium becomes progressively 
more involved with disease progression. It is 
now believed that the stage and prognosis of 
chronic renal diseases correlate better with the 
severity of tubulointerstitial damage than with 
glomerular sclerosis [3, 4].

In DKD, tubular injury is due to several fac- 
tors, particularly high glucose levels and the 
presence of advanced glycation end-products 
(AGEs). Apoptosis, a form of programmed cell 
death, contributes to renal tubular injury medi-
ated by AGEs and accelerates the progression 
of DKD via various mechanisms [5]. Both mito-
chondria and lysosomes play crucial roles in 
the regulation of the apoptotic process. During 
the early phase of apoptosis, these two organ-
elles exhibit an increase in membrane permea-
bility, resulting in the release of some contents 
[6-9]. Cathepsin D (CatD), a 52-kDa protein and 
the major aspartate protease within lysosomes, 
is one of the hydrolytic enzymes released, and 
has been implicated in the regulation of apop-
totic processes [9, 10]. During the process of 
apoptosis, mature CatD released from the lyso-
some into the cytosol may in turn lead to the 
mitochondrial release of cytochrome C into the 
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cytosol and subsequently promote apoptosis 
[11]. On the contrary, there is increasing evi-
dence that CatD can prevent apoptosis. It  
has been reported CatD upregulation protects 
against doxorubin-induced apoptosis in neuro-
blastoma [12], and that CatD deficiency results 
in extensive apoptotic neuronal death [13, 14]. 
CatD has been reported to be implicated in 
some renal diseases such as Goodpasture dis-
ease, poststreptococcal GN, and passive Hey- 
mann nephritis [15, 16]. In addition, CatD has 
been reported to affect the renin-angiotensin 
system by functioning as a renin-like enzyme to 
catalyze the breakdown of angiotensinogen to 
angiotensin I [17, 18]. Nevertheless, the role of 
CatD in DKD has not been studied. The current 
study first examined the expression of CatD in 
DKD, and demonstrated that the expression 
and distribution of CatD was altered in the tu- 
bular epithelium in DKD. Using lentiviral vec- 
tors containing the CatD construct, the current 
study demonstrated that CatD protected tubu-
lar epithelial HK2 cells from the damage indu- 
ced by high-glucose conditions. The current 
study also confirmed that the protective role of 
CatD was not dependent on its enzymatic activ-
ity. Furthermore, we showed that CatD protect-
ed HK2 cells from lysosome membrane perme-
ability (LMP) and loss of mitochondrial mem-
brane potential (MMP) induced by high gluco- 
se in a catalytic activity-independent manner. 
Therefore, our data establish CatD as a poten-
tial target for the prevention of tubular damage 
in DKD. 

Materials and methods

Subjects

105 patients who underwent percutaneous 
renal biopsy between June 2008 and June 
2013 and diagnosed as pre-existing T2DM 
were enrolled in this study. The subjects includ-
ed 73 males and 32 females with ages ranging 
from 23 to 76 years and a mean age of 51 
years. The duration of diabetes mellitus (DM) 
ranged from 0.5 to 25 years, with the average 
duration of DM being 7.76 years. Patients with 
current illness, including infectious disease or 
tumor, were excluded from the study. As con-
trols, five individuals, including three males and 
two females, were chosen. Five patients were 
diagnosed as having renal trauma or benign 
renal tumor. Tissues were obtained from the 

farthest section from the region of the lesion. 
Based on serological examination and past his-
tory, the diagnosis of DM was excluded for 
these five patients. All the patients were from 
Shengjing Hospital of China Medical University. 
This study was conducted following approval 
from the Ethics Committee of Shengjing Hospi- 
tal of China Medical University. Written inform- 
ed consent was obtained from all participants.

Immunohistochemistry

Immunoperoxidase staining was performed on 
10% formalin-fixed paraffin sections (2 μm in 
thickness). Deparaffinized tissue sections were 
subjected to antigen retrieval by microwave 
oven heating in 0.1 M sodium citrate (pH 6.0) 
for 10 min and then incubated with 3% hydro-
gen peroxide to block endogenous peroxidase. 
Tissue sections were then incubated with 10% 
normal goat serum for 40 min, followed by an 
overnight incubation at 4°C with anti-cathepsin 
D antibody (1:100) (Abcam). After washing, the 
sections were incubated with horseradish per-
oxidase (HRP)-labeled goat anti-rabbit poly-
clonal antibody for 20 min at 37°C and then 
developed with DAB (Sigma) to facilitate the 
color reaction. The sections were then coun- 
terstained with hematoxylin, dehydrated, and 
mounted. After that, the immunostained sec-
tions were observed under a light microscope.

Cell culture and reagents

An immortalized proximal tubule epithelial cell 
line, HK2 (human kidney 2), was grown in DM- 
EM supplemented with 10% fetal bovine serum, 
100 U/ml penicillin and 100 μg/ml streptomy-
cin, and maintained at 37°C in a 5% CO2 water-
saturated atmosphere. Bovine serum albumin 
(BSA) and advanced glycation end-product- 
BSA (AGEs) were purchased from Sigma and 
Calbiochem, respectively.

transduction of CatD into HK2 cells using len-
tiviral vectors

Lentiviral plasmids containing CatD cDNA and 
a GFP expression cassette were produced by 
GeneChem Corporation (Shanghai, China). HK2 
cells were incubated with vector supernatants 
for 8 h and transduction efficiency was deter-
mined by the observation of GFP+ cells by fluo-
rescence microscopy 2 days later.
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Cell viability analysis

Cell viability was determined by measuring the 
metabolism of MTT according to the manufac-
turer’s instructions. The absorbance was mea-
sured with a microplate reader at 550 nm.

RtCA proliferation assays

Cells were seeded in RTCA E-plates (ACEA Bio- 
science, San Diego, CA) and changes in electri-
cal impedance were measured in a label-free 
real-time setting using xCELLigence RTCA DP 
(ACEA Bioscience, San Diego, CA), in which the 
increase in electrical impedance on the plate 
reflects the proliferative rate of cells [19, 20]. 

5-Ethynyl-2-deoxyuridine (EdU) incorporation 
analysis

The rate of DNA synthesis in HK2 cells was 
determined by EdU incorporation analysis us- 
ing the Click-iTTM EdU Alexa Fluor 555 Imaging 
Kit (InvitrogenTM, OR, USA) according to the 
manufacturer’s protocols. Briefly, BSA or AGE-
treated HK2 cells were incubated with EdU at  
a final concentration of 10 μM for 4 h, and at 
least 500 cells were counted in each experi-
ment. EdU-positive cells were expressed as a 
percentage of the total cells. Each experiment 
was performed in triplicate.

Viable cell count

Cells were stained with trypan blue, and the 
numbers of viable (negative staining) and dead 
(positive staining) cells were counted.

Analysis of LMP 

LMP was analyzed using acridine orange (AO) 
staining. AO concentrated within lysosomes 

quently acquired with a fluorescence micro-
scope (Olympus). 

Analysis of MMP

MMP was measured based on the uptake  
of tetramethylrhodamine ethyl ester (TMRE). 
Briefly, HK2 cells were treated with BSA or 
AGEs, then incubated with 5 nM TMRE for 15 
min, and images were acquired using a fluores-
cence microscope (Olympus).

Statistical analysis

All data were obtained from at least three indi-
vidual experiments. Values are expressed as 
the mean ± SD. Statistical analysis between 
groups was performed using one-way ANOVA. 
The statistical significance was defined at P< 
0.05.

Results

Expression of CatD is altered in renal tissues 
from patients with diabetes mellitus 

CatD expression was investigated by immuno-
histochemical staining of renal tissues from 
105 diabetes mellitus (DM) patients and 5  
non-DM patients, and the representative re- 
sults are shown in Figure 1. CatD is distributed 
uniformly with relatively low expression levels 
in the renal tubules of non-DM, while flecked 
distribution of CatD was observed in the renal 
tubules of DM (Figure 1). CatD expression was 
significantly enhanced in renal tubules that ex- 
hibited a relatively integral structure, but was 
reduced in disordered tubules (Figure 1). In 
addition, CatD expression was mainly restrict-
ed to the tubulointerstitium, with a minority ex- 
pression in the glomeruli (Figure 1). 

Figure 1. Expression of CatD in renal tissues. Renal tissue sections from 105 
diabetes mellitus (DM) patients and five non-DM patients were immunohis-
tochemically stained with anti-cathepsin D antibody. Representative images 
for DM and non-DM patients are provided.

emits a granular red fluores-
cence, whereas AO concen-
trated in the cytosol emits a 
diffuse green fluorescence. A 
reduction in granular red fluo-
rescence combined with an 
increased diffuse cytosolic 
green fluorescence indicates 
induction of LMP. Briefly, HK2 
cells were treated with BSA  
or AGEs, and incubated with 
AO at final concentration of  
5 μg/ml; images were subse-
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Figure 2. No effects of CatD upregulation on HK2 proliferation under culture with normal glucose. (A) HK2 cells 
were infected with lentiviral vectors containing empty or CatD construct for 12 h, then cultured for additional 48 h. 
Transfection efficiency was analyzed by measurement of GFP+ positive cells under a fluorescence microscopy, and 
representative images are provided. (B) HK2 cells were infected with lentiviral vectors containing empty or CatD 
construct for 12 h and cultured for additional 48 h, western blot was performed using the indicated antibodies. (C) 
HK2 cells were infected with lentiviral vectors containing empty or CatD construct for 12 h and cultured for addi-
tional 48 h. Viable cells were counted using trypan blue exclusion experiment daily. (D) HK2 cells were infected with 
lentiviral vectors containing empty or CatD construct for 12 h and cultured for additional 48 h. Cell proliferation was 
analyzed using RTCA in a real-time pattern. (E) HK2 cells were infected with lentiviral vectors containing empty or 
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CatD overexpression has no obvious influence 
on HK2 cell proliferation under normal glucose 
condition

To explore the influence of CatD on the growth 
and proliferation of tubular epithelial cells, the 
CatD gene was transduced into HK2 cells via 
lentiviral vectors. Observation of GFP-positive 
cells by fluorescence microscopy indicated that 
transduction efficiency for both the empty vec-
tor and the CatD construct in HK2 cells was 
approximately 90% (Figure 2A). Western blot 
confirmed that the lentiviral vector containing 
the CatD construct, but not the empty lentiviral 
vector, significantly increased CatD expression 
in HK2 cells (Figure 2B). Cell counts demon-
strated that CatD exhibited no obvious influ-
ence on the proliferation of HK2 cells cultured 
with media containing normal levels of glucose 
(Figure 2C). Cell growth was also measured us- 

tor began to decrease rapidly after two days  
in high-glucose culture. In contrast, reduction 
of cell index was significantly suppressed in 
HK2 cells transduced with the CatD construct 
(Figure 3A). High glucose significantly decreas- 
ed the rate of EdU incorporation in HK2 cells 
transduced with empty lentiviral vector, where-
as no significant difference was detected in 
CatD-transduced HK2 cells cultured under nor-
mal and high-glucose conditions (Figure 3B). 
The MTT assay confirmed that AGEs suppre- 
ssed the viability of HK2 cells in a dose-depen-
dent manner (Figure 3C). Importantly, overex-
pression of CatD significantly protected HK2 
cells from growth inhibition mediated by AGEs 
(Figure 3C). Flow cytometry demonstrated that 
AGEs increased the apoptosis of HK2 cells in  
a dose-dependent manner, which was signifi-
cantly prohibited by overexpression of CatD 
(Figure 3D).

CatD construct for 12 h and cultured for additional 48 h. DNA synthesis was analyzed using the EdU incorporation 
assay, and representative images are provided. (F) Total and EdU-positive cells in (E) were counted, and the rate 
of EdU incorporation was calculated. (G) HK2 cells were infected with lentiviral vectors containing empty or CatD 
construct, and cell cycle progression was analyzed using flowcytometry. N.S., not significant.

Figure 3. Suppression of high-glucose-mediated damage by CatD upregula-
tion in HK2 cells. A: HK2 cells transduced with empty or CatD-containing 
lentivirus were cultured with 25 mM glucose, and cell proliferation was 
analyzed using RTCA in a real-time pattern. B: HK2 cells transduced with 
empty or CatD-containing lentivirus were cultured with 5 mM (NG) or 25 mM 
(HG) glucose, and DNA synthesis was analyzed using EdU incorporation ex-
periments. C: HK2 cells transduced with empty or CatD-containing lentivirus 
were treated with various concentrations of AGEs or a comparable amount 
of BSA for 24 h, and cell viability was measured using MTT assay. D: HK2 
cells transduced with Empty or CatD-containing lentivirus were treated with 
various concentrations of AGEs or a comparable amount of BSA for 24 h, and 
apoptotic cells were measured using flow cytometry. *, P<0.05.

ing a real-time analyzer (RTCA) 
system, and the results indi-
cated that CatD did not affe- 
ct the cell index of HK2 cells 
under normal culture condi-
tions (Figure 2D). EdU incor-
poration experiments demon-
strated that CatD had no ob- 
vious effect on DNA synthe- 
sis in HK2 cells (Figure 2E 
and 2F). In addition, cell cycle 
analysis showed that overex-
pression of CatD had no in- 
fluence on the percentage of 
cells in the G1, S, and G2/M 
phases (Figure 2G).

CatD overexpression protects 
HK2 cells from cytotoxicity 
induced by high glucose 

To further investigate the po- 
tential effect of CatD, cells 
were cultured in a high-glu-
cose environment. The results 
from the RTCA proliferative 
assay demonstrated that the 
cell index of HK2 cells infect-
ed with empty lentiviral vec- 



Cathepsin D in high glucose induced tubular damage

5533 Am J Transl Res 2017;9(12):5528-5537

Figure 4. Protection of HK2 cells by CatD, independent of its catalytic activity. 
(A, B) CatD-transduced HK2 cells were cultured with 5 mM (A), or 25 mM (B) 
glucose in the absence or presence of pepstatin A, and cell proliferation was 
analyzed using RTCA in a real-time manner. (C) CatD-transduced HK2 cells 
were cultured with 5 mM (NG), or 25 mM (HG) glucose in the absence or 
presence of pepstatin A, and DNA synthesis was measured using EdU incor-
poration experiments. (D) HK2 cells were treated with AGEs in the absence 
or presence of pepstatin A, and cell viability was measured using the MTT 
assay. (E) HK2 cells were infected with empty lentivirus vector, lentivirus con-
taining wild-type CatD (WT-CatD), or lentivirus containing an inactive mutant 
of CatD (D295N-CatD), and transduction efficiency was observed using fluo-
rescence microscopy. (F) HK2 cells were infected with empty lentivirus vec-
tor, lentivirus containing wild-type CatD (WT-CatD), or lentivirus containing an 
inactive mutant of CatD (D295N-CatD), and CatD expression was analyzed 
using western blot analysis. (G) HK2 cells were infected with empty lentivirus 
vector, lentivirus containing wild-type CatD (WT-CatD), or lentivirus contain-
ing an inactive mutant of CatD (D295N-CatD) for 72 h, and treated with AGEs 
for another 24 h, following which cell viability was measured using the MTT 
assay. *, P<0.05; N.S., not significant.

Catalytic activity of CatD is 
not necessary for its protec-
tive effect in HK2 cells under 
high-glucose conditions

To assess whether the cata-
lytic activity of CatD is neces-
sary for its protective effect  
in HK2 cells cultured with 
high glucose, CatD-transduc- 
ed HK2 cells were treated 
with pepstatin A, a specific 
CatD inhibitor. RTCA analysis 
demonstrated that pepstatin 
A had no obvious influence  
on the proliferation of CatD-
transduced HK2 cells cul-
tured in both normal glucose 
(Figure 4A) and high glucose 
(Figure 4B) conditions. EdU in- 
corporation experiments de- 
monstrated that DNA synthe-
sis in CatD-transduced HK2 
cells was not affected by pep-
statin A under both normal 
and high-glucose conditions 
(Figure 4C). The MTT assay 
found that CatD overexpres-
sion increased the cell viabili-
ty of HK2 cells exposed to 
100 μg/ml of AGEs even in 
the presence of pepstatin A 
(Figure 4D). 

To further confirm the involve-
ment of catalytic activity of 
CatD, a lentiviral vector con-
taining cDNA that encodes an 
inactive mutant of CatD, in 
which Asp295 is substituted 
by Asn (D295N), was generat-
ed. Measurement of GFP+ 
cells demonstrated that the 
transduction efficiency was 
about 90% for empty lentivi- 
ral vector, lentiviral vector 
containing wild-type CatD 
(WT-CatD), and lentiviral vec-
tor containing the D295N 
mutant CatD (D295N-CatD) 
(Figure 4E). Western blot con-
firmed that both WT-CatD  
and D295N-CatD significantly 
increased CatD expression in 
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Figure 5. Prevention of AGE-mediated LMP and MMP loss by CatD indepen-
dent of its catalytic activity. A: Empty, WT-CatD, or D295N-CatD vector-trans-
duced HK2 cells were treated with BSA or AGEs for 24 h, LMP was measured 
by AO staining, and representative images are presented. B: Empty, WT-CatD, 
or D295N-CatD vector-transduced HK2 cells were treated with BSA or AGEs 
for 24 h, MMP was measured by TMRE staining, and representative images 
are presented.

HK2 cells (Figure 4F). MTT as- 
say demonstrated that both 
WT-CatD and D295N-CatD 
significantly increased the 
viability of HK2 cells expos- 
ed to AGEs (Figure 4G). Im- 
portantly, no obvious differ-
ence was observed between 
cells transfected with WT- 
CatD and D295N-CatD (Fig- 
ure 4G).

CatD attenuates AGE-induced 
LMP and loss of MMP in-
dependent of its enzymatic 
activity

We next investigated whe- 
ther the lysosomal pathway 
was implicated in AGE-indu- 
ced apoptosis in HK2 cells. 
The lysosomotropic agent AO 
accumulates in acidic com-
partments such as lysoso- 
mes, and emits bright red  
fluorescence. Upon LMP, lyso-
somes become more alka- 
line, resulting in a decrease  
in this red fluorescence. Fluo- 
rescence microscopy analysis 
of HK2 cells stained with AO 
revealed high levels of red  
fluorescence in HK2 cells 
transduced with empty, WT- 
CatD, or D295N-CatD vector 
constructs, indicating the ac- 
cumulation of AO in acidic 
lysosomes under normal glu-
cose conditions (Figure 5A). 
Exposure to AGEs led to a  
dissipation of red fluores-
cence, associated with an in- 
crease in green fluorescence, 
indicative of LMP, in empty 
vector-transduced HK2 cells 
(Figure 5A). By contrast, both 
WT-CatD and D295N-CatD 
significantly blocked the loss 
of red fluorescence induced 
by exposure to AGEs (Figure 
5A). 

To further investigate the 
function of CatD in regulating 
the MMP, the mitochondria in 
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HK2 cells were marked by the addition of te- 
tramethylrhodamine ethyl ester (TMRE), which 
emits red fluorescence. AGEs induced a de- 
cline in this red fluorescence in HK2 cells, and 
this decline was significantly reversed by both 
WT-CatD and D295N-CatD (Figure 5B). 

Discussion

CatD is a 52-kDa lysosomal acid proteinase 
that has been shown to be involved in vari- 
ous biological activities. The level and activity 
of CatD varies among different tissues and 
organs. CatD synthesis is increased in multiple 
pathological conditions, including hypoxia, adi-
demia, and necrosis [21]. It has been reported 
that a small amount of CatD is expressed in 
renal tissues; however, the role of CatD in renal 
tissues is poorly understood [21, 22]. Consis- 
tent with these previous reports [21, 22], the 
current study demonstrated low-level expres-
sion and uniform distribution of CatD in the 
tubular epithelium in kidney tissues of non-dia-
betic patients. In kidney tissues of DM patients, 
CatD expression was increased in tubules that 
exhibited a relatively normal structure, whereas 
its expression disappeared in destroyed tubu- 
les. To investigate the potential involvement of 
CatD in tubular damage under DM conditions, 
we transferred the CatD gene into tubular epi-
thelial HK2 cells via lentiviral vectors, and 
found that CatD upregulation prevented cyto-
toxicity induced by high glucose and AGEs in 
HK2 cells. CatD played a protective role even  
in the presence of its specific inhibitor pep-
statin A. In addition, WT-CatD and D295N-CatD 
(a mutant construct without enzymatic activity) 
protected HK2 cells from high-glucose-mediat-
ed damage to similar extents. These data indi-
cate that the catalytic activity of CatD might not 
be necessary for its protective role in tubular 
damage induced by high-glucose conditions. 

It has been reported that under different apop-
totic stimuli such as exposure to reactive oxy-
gen species (ROS), TNF-α induces release of 
CatD from the lysosome to the cytosol, which 
subsequently triggers cytochrome C release 
from mitochondria and promotes cell apoptosis 
[10, 11, 23]. On the contrary, the anti-apoptotic 
effect of CatD has also been reported in neu-
rons [13, 14]. The current study reported that 
CatD upregulation improved cell viability and 
suppressed the apoptosis induced by high glu-
cose and AGEs in HK2 cells. Together with the 

increased and decreased expression of CatD  
in tubules with relatively normal and destroy- 
ed structures, respectively, in DKD tissues, the 
current study indicates a potential role of CatD 
in the protection of tubular epithelium in DKD. 
This paradoxical effect of CatD on both pro- 
and anti-apoptotic functions may be ascribed 
to differences in cellular context.

The involvement of lysosomes and mitochon-
dria in apoptotic cell death has attracted incre- 
ased attention [24, 25]. It has been suggested 
that LMP plays a key role in the release of CatD 
from the lysosome into the cytosol and subse-
quently triggering the mitochondrial apoptotic 
cascade [26]. In the present study, AGEs indu- 
ced LMP and loss of MMP in HK2 cells, which 
was prevented to some degree by CatD upregu-
lation, indicative of the potential involvement of 
lysosomes in tubular damage in DKD. The cur-
rent study demonstrated that the enzymatic 
activity of CatD is not required for its protective 
effects on cell damage, LMP, and loss of MMP. 
Thus, the mechanisms by which CatD protects 
HK2 cells from apoptosis, LMP, and loss of 
MMP require further investigation.

In conclusion, we observed altered CatD ex- 
pression in the tubulointerstitium of renal tis-
sue in DKD patients. We found that overexpres-
sion of CatD improved cell viability in a high-
glucose environment and ameliorated AGE-in- 
duced apoptosis in HK2 cells. In addition, CatD 
upregulation suppressed the LMP and the dis-
sipation of MMP caused by AGEs. We also dem-
onstrated that these effects of CatD are not 
dependent on its enzymatic activity. For the 
first time, the current study demonstrated that 
CatD might play a protective role in tubular 
damage induced by high glucose, thereby iden-
tifying CatD as a possible target for the treat-
ment of DKD.
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