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Abstract. The effects of minocycline on the development of diabetic nephropathy (DN) in
streptozotocin (STZ) induced diabetic rats were evaluated in this study. The diabetes rats with
diabetic nephropathy (DN) were induced by STZ (55 mg/kg) injection. The experiment
included 5 groups 1) normal, 2) normal plus minocucline for 16 weeks, 3) DN plus vehicle, 4)
DN plus minocucline 16 weeks and 5) DN plus minocucline for 8 weeks. The pathological
changes were analyzed by H.E. staining and the apoptotic cells were stained by TUNEL
staining. The mRNA expression of caspase-3, bax and bcl-2 in the kidney tissues was
detected by quantitative RT-PCR. The biochemical parameters of blood and urine were
determined by biochemical analyzer. Treatment with minocycline reduced the urine volume,
24-hour urine protein, serum creatinine, blood urea nitrogen but not blood ALT in the DN rats.
Furthermore, treatment with minocycline improved the pathological score of STZ-injured
kidney and reduced the numbers of apoptotic cells in the kidney of DN rats. Moreover,
minocycline mitigated the expression of caspase-3 and bax mRNA, but increased Bcl-2
expression in the kidney of DN rats. These data indicated that minocycline improved the
STZ-induced kidney damages, at least partially by protection form long-term
hyperglycemia-induced kidney cell apoptosis.
Introduction
Diabetes mellitus is a complex disease that causes altered glucose homeostasis[1] and
diabetic nephropathy (DN) is the major microvascular complication of diabetes which is
prevalent among diabetic patients[2]. It is estimated that DN progresses to end-stage renal
disease in up to 30% of patients with diabetes. DN is currently the leading cause of end-stage
renal disease in most developed societies and is increasingly prevalent in developing countries.
The clinical characteristics of DN are progressive urinary albumin excretion and gradual
decline of renal function, which results from the multiple pathophysiologic dysfunctions of
diabetes. The appearance of microalbuminuria is regarded as the hallmark of DN onset at its
early stage, and the continuous existence of albuminuria plays a crucial role in the damage of
both renal structure and function. Although the treatment and understanding of DN are
progressing, in clinical practice, the strict control of glucose and blood pressure, and the
blockade of the renin-angiotensin system can only slow the progression of DN, however, no
available therapy can cure DN.
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The increased urinary albumin excretion is due to the dysfunction of the glomerular barrier,
which is considered to be a key target for the prevention and treatment of DN. Among the
elementary ingredients of glomeruli structure, the podocyte and its foot process play the pivotal
role in maintenance of permselective function of the glomerular barrier[3].
Minocycline is a semi-synthetic derivative of tetracycline and has been used as an antibiotic
for decades. Both in vivo and in vitro data indicate that podocyte apoptosis is a hallmark of
albuminuria[4,5]. Clinical biopsy studies in humans have also provided evidence that
podocytes are functionally and structurally injured during the progression of DN[3]. The loss
of glomerular podocytes and decreased podocyte density are early pathological
manifestations and predict the onset of DN[3,6]. Podocyte loss precedes the development of
comprehensive renal dysfunction and albuminuria in diabetic patients and animal models[7].
Podocyte loss resulting from apoptosis has played an important role in the onset of albuminuria
and the pathogenesis of DN[8]. Recent studies demonstrate that preventing podocyte
apoptosis may ameliorate renal injury and decrease proteinuria in DN[9,10]. Recent studies
have shown that anti-inflammatory and immunomodulatory actions of minocycline are not
related to its antimicrobial property[11]. Studies have also suggested a neuroprotective effect
of minocycline in experimental models of ischemic stroke[12]. Huntington's disease[13].
Parkinson's disease[14] traumatic brain injury[15] amyotropic lateral sclerosis[16] and
multiple sclerosis[17].The documented direct neuronal protection by minocycline is associated
with the preservation of mitochondrial integrity and cytochrome c, and subsequent the
suppression of caspase-dependent as well as -independent cell death[16,18,19]. Wang et al.
reported that minocycline protects kidney epithelial cells against injury and death through the
protection of the mitochondrion[20]. Furthermore, they suggest that Bcl-2 is a key molecular
determinant of the cytoprotective effects of minocycline and down-regulation of Bcl-2 by
antisense oligonucleotides abolishes the cytoprotective effects of minocycline. Moreover, the
anti-inflammatory and immunomodulatory actions of minocycline may be attributed to the
inhibition of free radical and cytokine production, interference with protein synthesis, and
modulation of matrix metalloproteinase activity[21,22]. Interestingly, previous studies have
also shown that tetracyclines possess potent antiapoptotic properties by inhibition of caspase
1 and 3 expression and direct blockade of cytochrome c release from the
mitochondria[13,16]. Thus, minocycline, a semisynthetic derivative of tetracycline, offers a
unique and potentially approach to the prevention and treatment of DN by its anti-apoptotic
effects as investigated in this paper.
Materials and Methods
Animals
Male Wistar rats at 6-8 weeks of age and weighing 200-250 g, were from the Experimental
Animal Center, Jilin University, China. Animals were housed in specific pathogen free facility
with free access of normal chow and water ad libitum at 22℃ and a cycle of 12 hours of light
and dark. The experimental protocol was established, according to the guidelines for the use
and care of laboratory animals at Jilin University, and was approved by the Animal Research
and Care Committee of Jilin University.
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Induction of Diabetes
Animals were fasted overnight and injected intraperitoneally with streptozotocin (STZ, 55
mg/kg of body weight, Sigma, St. Louis, USA). Control rats received vehicle alone. Two days
after STZ injection, the levels of fasting blood glucose (FBG) in individual rats were measured.
Individual rats with a FBG>16.7 mmol/L were considered diabetic. The diabetes rats were
monitored for their body weights, FBG, urinary albumin and urinary proteins for 16 weeks.
Individual diabetic rats with urinary albumin >200μg/min or urinary proteins>0.5g/24h were
diagnosed as diabetic nephropathy (DN).
All control and DN rats were randomly treated with saline or treated orally with minocycline
(20 mg/Kg) by gavage daily for 16 weeks as the healthy controls (HC), healthy minocycline
(HM), DN and diabetic minocycline (M4), respectively. Another group of DN rats were
treated with the same dose of minocycline from the 9th to 16th weeks (M2)
Sample Collection and Analysis
For collection of 24-hour urine, animals were housed in metabolic cages for 24 hours with free
access of water at the 4th, 8th, 12th and 16th week post the onset hyperglycemia. The
collected urine samples were measured for their volumes and urinary proteins by a dipstick
dye immunoassay (Shenhua biotech, Jilin, China). Subsequently, the urinary samples were
centrifuged at 2,000 g for 10 min at room temperature and the supernatants were stored at
−70°C until use. At the end of this experiment, the rats were anesthetized with thiopental
sodium (60 mg/kg. i.p.), and their blood samples were collected in serum-separating tubes
(SSTs) and centrifuged at 2,000 g for 20 min at 4°C. The serum samples from individual rats
were stored at −70°C until use. The concentrations of serum BUN, creatinine (Scr) and
alanine aminotransferase (ALT) were detected with a HITACHI automatic biochemical
analyzer using commercial kits (HITACHI, Japan).
Histology and Terminal Deoxynucleotidyl Transferase-Mediated Dutp Nick
Endlabeling (TUNEL) Assay
Their kidney tissues were dissected, fixed and embedded in paraffin. The kidney tissue
sections (3 μm) were stained with hematoxyline/eosin and PAS, followed examining under a
light microscope. The glomerular areas in five sections of individual kidney tissues were
measured. The apoptotic cells in kidney sections were determined by TUNEL assays using an
in situ apoptosis detection kit (Roche, Germany), according to manufacturer’s protocol. The
percentages of apoptotic cells were calculated.
Quantitative Real Time Reverse Transcriptase PCR
Total RNA of tissues was extracted from fresh kidney tissues from individual rats using Trizol
reagent (Invitrogen), according to the manufacturer’s instruction. After quality and
quantification, RNA (5 μg per sample) was reversely transcribed into cDNA using random
hexamer primers and Rnase H-reverse transcriptase (Tiangen biochen, Beijing, China). The
relative levels of Bcl-2, Bax, caspase-3 mRNA transcripts to control GAPDH were
determined by quantitative PCR using the SYBR green System and specific primers. The
sequences of primers were F: 5-CCGGGAGAACAGGGTATGAT-3 and R:
5-CAGGTATGCACCCAGAGTGA-3
for
Bcl-2
(88bp);
F:
5-TCAGCCCATCTTCTTCCAGATGGT-3,
and
R:5-CCACCAGCTCTGAACAGATCATGA-3for
Bax
(135bp);
F:
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5-GGTATTGAGACAGACAGTGG-3, and R: 5-CATGGGATCTGTTTCTT TGC-3 for
Caspase-3 (281 bp); F: 5- AAGGTCATCCCAGAGCTGAACGG -3’, and R: 5ACAACCTGGTCCTCAGTGTAGCC-3 for GAPDH (191bp). The PCR amplification was
performed in triplicate at 50°C for 2 min, 95°C for 10min, and subjected to 40 cycles of 95°C
for 30 s and 60°C for 30s. The relative elvels of target gene mRNA transcripts to control
GAPDH were calculated by 2-∆∆CT.
Statistical Analysis
All data are expressed as means ± S.D. The difference among groups was tested by one-way
ANOVA followed by Scheffe’s modified F-test for multiple comparisons using SPSS 17.0. A
P value of <0.05 was considered statistically significant.
Results
Treatment with Minocycline Reduces Urine amount and Urinary Proteins in Rats
with DN
To test the effect of minocycline treatment, groups of DN and control rats were treated with
minocycline daily for 16 weeks and their urine volumes were detected longitudinally (Table 1).
We observed that treatment with minocycline in non-diabetic rats did not significantly change
the amounts of urine through the 16-week observation period, treatment with minocycline for
4 weeks significantly reduced the amounts of urine in the DN rats, as compared with that in the
DN group of untreated rats. Continual treatment with minocycline further gradually reduced
the urinary volumes in the DN rats. Interestingly, treatment with minocycline beginning at 8
weeks post the onset hyperglycemia also significantly reduced the volumes of urine in the DN
rats. Similar patterns of the excretion of urinary proteins were detected in the different groups
of rats through the observation period (Table 2). Similarly, treatment with minocycline in
healthy rats did not modulate significantly the levels of serum creatinine (Scr) and BUN while
treatment with minocycline significantly reduced the levels of Scr and BUN in DN rats, even
beginning treatment at 8 weeks post the onset hyperglycemia (Table 3). However, minocycline
did not alter the concentrations of ALT among these groups of rats. These data clearly
demonstrated that treatment with minocycline therapeutically improved polyurine, proteinuria
and mitigated DN-related kidney impairment in DN rats.
Table 1. Effect of minocycline on 24h urine volume in DN rats.

Data are the means ±SD of ml/24h of each group (n=10); *, P<0.05 vs. the D group; △,
P<0.05 vs. the N group.
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Table 2. Effect of minocycline on urine protein after STZ injection.

mean±s.d., g/24h·L; *, P<0.05, as compared to the D group; △ , P<0.01, as compared to
the N group P<0.05.
Table 3. Effect of minocycline on Scr, BUN and ALT 16 weeks after STZ injection

Data are the means ±SD of each group; *, P<0.05 vs. the D group; △ , P<0.05 vs. the N
group.
Effect of Minocycline Intervention on Renal Histopathology
To understand the action of minocycline, we characterized kidney tissues and found that while
there was no obvious abnormality in the kidney histology in the N and NM groups of rats,
there were clear abnormalities in the glomeruli of the DN rats (Fig. 1). There were obvious
collapse of the glomerular capillaries, increased glomerular volume and thickness of basement
membrane, slightly expanded mesangial areas with plumped PAS stained area, and vacuolar
degeneration/hyalinization of renal tubular epithelial cells in the D group of rats. However,
following treatment with minocycline, there were less DN-related pathogenic changes in the
kidney tissues. Quantitative analysis of the glomerular areas indicated that there was no
significant difference in the glomerular areas among these groups of rats (Table 4). These data
indicated that treatment with minocycline mitigated DN-related kidney injury in rats.
Table 4. Effect of minocycline on area of glomerular in DN rats
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Fig. 1. Minocycline prevents glomerulosclerosis. Assessment of glomerular pathology by H.E. staining
and periodic acid-Schiff (PAS) staining. Amplification: 200 times.

Effect of Minocycline on Apoptosis of Kidney Cells in DN rats
As shown in the TUNEL assay (Fig. 2, Table5), the number of kidney apoptotic cells was
significantly increased in all the STZ treated rats (D, M2 and M4 group) compared with the
normal control rats (N group). Nearly no TUNEL-positive cell was observed in kidney of
control rats. There were more TUNEL-positive cells in the NM group than that of N group.
There was no significant difference between NM group and N group (p>0.05). The increased
apoptotic cells within glomeruli in D group rats were significantly abrogated by treatment with
minocycline (M2 or M4 group, p<0.05). Treatment with minocycline for 8 weeks (M2) and
16 weeks (M4) had a similiar effect on glomerular cell apoptosis.

Fig. 2. Assessment of apoptotic cells in glomerular by TUNEL staining. Amplification: 200 times.
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Table 5. The rates of renal cell apoptosis in each group

*, P<0.05, as compared to the D group
Relative mRNA Expression Level of Caspase-3, Bcl-2 and Bax in DN Rats
To further understand the action of minocycline, we characterized the relative levels of caspase
3, BcL-2 and Bax mRNA transcripts to control GAPDH in the kidney tissues by quantitative
RT-PCR (Table 6). We found that after the rats were sacrificed, the mRNA expression of
caspase-3, Bcl-2 and Bax in kidney was detected (Table 6). The Bcl-2 mRNA expression in
the N group was relatively low, while its expression was higher in the NM group but not
significant (p>0.05). The Bcl-2 mRNA expression in the D group is significantly lower than
that of N group (p<0.05), while there was no significant difference of Bcl-2 mRNA level
between the N group and M2 or M4 group. The mRNA levels of Bcl-2 in the M2 and M4 are
significantly higher that of D group (p<0.05). The Bax mRNA in the D group is significantly
higher than that in the N group (P<0.05). The Bax mRNA level in the M2 or M4 group is
lower than D group (P<0.05). Furthermore, the expression of caspase 3 mRNA in the D
group is higher that N or NM group (p<0.05), while there was no significant difference
between M2 and M4 group. The minocycline treatment significantly reduced the caspase-3
mRNA level in both the M2 and M4 group as compared to the D group (p<0.05).
Table 6. Relative mRNA expression level of caspase-3, Bcl-2 and Bax in DN rats after minocycline treatment.

mean±s.d., *, P<0.05, as compared to the D group, #, P<0.05, as compared to the D
group.
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Discussion
The present study provided evidence that minocycline can decrease urine volume, proteinuria,
BUN, serum creatinine, and reduced glomerular apoptosis in STZ induced DN rats. STZ have
induced caspase-3 and reduced Bcl-2 and Bax mRNA expression in the kidney of the DN
rats, while minocycline can reverse the abnormal expression of these genes indicate that the
renoprotective action of minocycline is probably attributable to an anti-apoptosis effect.
Urine protein level, BUN, and Scr are known as indicators for renal dysfunction[23]. First,
we successfully develop the symptoms of DN in our STZ induced rat model. In fact,
proteinuria indicates a decline of renal function[24,25] and it is known that STZ injection
causes proteinuria, as shown previously[25,26]. In our study, urinary protein excretions after
STZ treatments were significantly higher than that of control and minocycline only treated rats.
The progress of pathology in STZ-treated groups was more advanced than that of normal
groups. Then, the effect of minocycline on STZ-injured renal function was investigated.
Minocycline alleviated the progress of nephrotic syndrome, as evidenced by Scr and urinary
protein levels compared with the values at baseline, while minocycline did not affect these
parameters in the non-STZ treated rats. Pathological analysis also showed that the necrosis
and number of apoptotic cell in the kidney were reduced in the minocycline treated
STZ-induced DN rats. Furthermore, the results showed non-significant differences in the
serum levels of ALT in all studied groups in comparison to normal control group, which
indicated that minocycline did not induce increase in hepatic enzymes. Therefore, it is possible
to suggest that minocycline is safe in DN rats and protect the function of the DN rats by
inhibiting the apoptosis of kidney cells in the DN rats.
It is well known that injury to podocyte foot processes in the kidney causes protein
excretion into the urine and the injury and apoptosis of podocytes play a crucial role in the
progress of DN[27]. The caspase family of cysteine proteases plays a key role in
apoptosis[28]. With inductions of endogenous or exogenous signals, the activated caspase
mediates apoptosis by proteolysis of specific substrates[29]. Caspase activation functions as
the evoking caspase-like effect, which results in triggering of cellular apoptosis[30]. There are
two kinds of caspases involved in apoptosis, one is initiators which is activated by cellular
receptor, and the other is effectors activated by mitochondrial permeability transition.
Pro-apoptotic signals activate initiator caspases such as caspase-8, which then activate the
process effector caspases such as caspase-3, leading to cell death[31]. The expression of
caspase-3 was up-regulated in the STZ treated DN rats, while minocycline attenuated the
up-regulated caspase-3 expression in the DN rats which suggesting that minocycline may
target the caspase-3 in DN rats.
Bcl-2 family proteins are important regulators of apoptosis[32,33]. To identify the possible
molecular changes that are responsible for the renal protective effect of minocycline, we
investigated the Bcl-2 family proteins. Bcl-2 directly interacts with the proapoptotic molecules
in the mitochondrion to antagonize apoptosis[34,35]. The interaction between the Bcl-2
protein and the proapoptotic proteins may determine the fate of a cell. Thus, we first detected
the expression of Bcl-2 in the kidney of STZ and non-STZ treated rats with or without
minocycline-treatment.
Significantly higher Bcl-2 mRNA was expressed in
minocycline-treated kidney. There are three extensively characterized mammalian Bcl-2 family
members are the antiapoptotic genes Bcl-2 and Bcl-XL, and the proapoptotic gene bax.
Individual family members can function to either block or promote programmed cell death[36].
Among them, Bax is the only one to promote cell death. To determine the bax expression in
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minocycline-treated cells, the expression of bax in the kidney was detected by quantitiative
PCR. The expression of bax mRNA was induced in the STZ treated kidney and reduced by
the minocycline treatment. Interestingly, previous reports showed that minocycline prevented
the upregulation of p53 and Bax following ischemia 13). Thus minocycline protected the STZ
injured kidney by inhibiting both the caspase-3 and Bax but stimulating the expression of Bcl-2
the expression which normally execute the apoptotic program.
Summary
In conclusion, the present study indicated that minocycline exhibited kidney protective effects
in DN rats. These effects are attributed, at least partly, to the anti-apoptotic activity in the
kidney while improving blood and urine parameters and protecting kidney tissues. However,
the precise molecular mechanism of these effects remains to be elucidated.
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