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Background: Compelling evidence has shown that diabetic metabolic disorder plays a critical 

role in the pathogenesis of Alzheimer’s disease, including increased expression of β-amyloid 

protein (Aβ) and tau protein. Evidence has supported that minocycline, a tetracycline derivative, 

protects against neuroinflammation induced by neurodegenerative disorders or cerebral ischemia. 

This study has evaluated minocycline influence on expression of Aβ protein, tau phosphoryla-

tion, and inflammatory cytokines (interleukin-1β and tumor necrosis factor-α) in the brain of 

diabetic rats to clarify neuroprotection by minocycline under diabetic metabolic disorder.

Method: An animal model of diabetes was established by high fat diet and intraperitoneal injec-

tion of streptozocin. In this study, we investigated the effect of minocycline on expression of Aβ 

protein, tau phosphorylation, and inflammatory cytokines (interleukin-1β and tumor necrosis 

factor-α) in the hippocampus of diabetic rats via immunohistochemistry, western blotting, and 

enzyme-linked immunosorbent assay.

Results: These results showed that minocycline decreased expression of Aβ protein and low-

ered the phosphorylation of tau protein, and retarded the proinflammatory cytokines, but not 

amyloid precursor protein.

Conclusion: On the basis of the finding that minocycline had no influence on amyloid pre-

cursor protein and beta-site amyloid precursor protein cleaving enzyme 1 which determines 

the speed of Aβ generation, the decreases in Aβ production and tau hyperphosphorylation by 

minocycline are through inhibiting neuroinflammation, which contributes to Aβ production and 

tau hyperphosphorylation. Minocycline may also lower the self-perpetuating cycle between 

neuroinflammation and the pathogenesis of tau and Aβ to act as a neuroprotector. Therefore, 

the ability of minocycline to modulate inflammatory reactions may be of great importance 

in the selection of neuroprotective agents, especially in chronic conditions like diabetes and 

Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder that is characterized by 

progressive cognitive impairment. Histopathological hallmarks mainly indicate 

extracellular amyloid peptide deposition in neuritic plaques and intracellular 

deposits of hyperphosphorylated tau. Glucose metabolic disorders are probably 

an initiating factor.1,2 A variety of mechanisms have been postulated in the risk of 

AD and diabetes mellitus (DM).3,4 Some scholars have even proposed that AD is 

type 3 diabetes.5,6 However, the relationship between DM and the process of AD 

remains elusive.
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Minocycline, a tetracycline derivative, has a neuropro-

tective capability by limiting inflammation and oxidative 

stress.7,8 Previously, we have found that minocycline can 

downregulate β-amyloid protein (Aβ) in the hippocampus, 

caused by diabetic metabolic disorder through inhibition of 

nuclear factor-κB pathway activation.9 In addition, several 

studies from our group have also evidenced that minocycline 

improves cognitive impairment triggered by both cerebral 

ischemia and diabetic metabolic disorder.9–11 It is well accepted 

that the neuroinflammation induced by diabetic disorder plays 

an important role in Aβ production and the hyperphosphoryla-

tion of tau.12,13 To further evaluate the neuroprotective role of 

minocycline in the diabetes related neurodegenerative process 

of AD, the present study was implemented to detect levels of 

tau and Aβ proteins in the brain of a DM model established 

by high fat diet and intraperitoneal injection of streptozocin 

(STZ), and observe the effects of minocycline on the inflam-

matory markers and levels of tau and Aβ proteins. These 

results noted that minocycline decreased the levels of the 

inflammatory markers and Aβ, and inhibited the hyperphos-

phorylation of tau in the hippocampus of rats with DM. This 

study suggests that minocycline can reduce neuroinflamma-

tion, and then lowers the hyperphosphorylation of tau and the 

level of expression of Aβ.

Methods
Animals and minocycline administration
Thirty-six Sprague-Dawley rats (10-month-old, female, body 

weight 200–250 g from the Third Military Medical University 

for Animal Field Hospital, Chongqing, People’s Republic of 

China) were fed with high fat and high sugar for 2 months 

(food composition: 10% lard, 20% sucrose, 2.5% cholesterol, 

bile salt 1%, 6.5% conventional food) to induce the onset of 

insulin resistance,14 and the diabetes model was established 

by 50 mg/kg intraperitoneal injection of streptozocin (STZ) 

(Sigma Chemical Co, St Louis, MO, USA) after the 2 month 

high fat and high sugar feed.9,15 Animals were randomly 

divided into a control model group (subdivided into 4, 6, 

and 8 weeks after establishment of diabetes, with 6 animals 

per subgroup) and a minocycline intervention group (subdi-

vided into 4, 6, and 8 weeks after minocycline intervention, 

respectively, with 6 animals per subgroup). Minocycline was 

administered by gavage on the same days as the STZ injec-

tion. The investigation conformed to the Guide for the Care 

and Use of Laboratory Animals published by the US National 

Institutes of Health (NIH Publication No 85–23, revised 

1996).16 The animal experiments were performed according 

to internationally  followed ethical standards and approved 

by the research ethics committee of Chongqing Medical 

University, Chongqing, People’s Republic of China.

Minocycline (100 mg/capsule, made by China Huishi 

Pharmaceutical Limited Company, People’s Republic of China) 

was dissolved into 0.5 mg/mL density with saline. The animals 

in the minocycline intervention group were executed through 

gavage via the stomach by 50 mg/kg/day of minocycline. 

Diabetic rats were administered the same volume of buffer by 

douche via the stomach. The minocycline dosage was deter-

mined according to the previous studies.9,17 Minocycline was 

administered by gavage 2 days after STZ injection.

enzyme-linked immunosorbent assay 
(elIsA)
A 500 pg/mL solution was prepared as manufacturer’s 

instruction and a standard curve created using computer soft-

ware (Microsoft Excel [version 2010], Microsoft, Redmond, 

Washington, USA) capable of generating a four parameter 

logistic curve fit. Rat hippocampus tissues were dissected 

and homogenized in tissue protein extraction reagent buffer 

(Biosource International, Inc, Camarillo, CA, USA). The 

analysis of Aβ by ELISA was conducted. Aβ inhibitors and 

4-benzenesulfonyl fluoride hydrochloride (Sigma Chemical 

Co,) were added to tissue lysates to prevent degradation of 

Aβ. The concentration of Aβ
40/42

 was measured using the Aβ
40

 

or Aβ
42

 Colorimetric ELISA kit (Biosource International, Inc) 

according to the manufacturer’s instruction.

Western blotting
Samples were collected in the presence of protease inhibitors. 

After homogenization, the lysates were centrifuged at 

100,000 × g, and the supernatants were saved for western 

blot. Equal amounts of lysates were subject to sodium dode-

cyl sulfate polyacrylamide gel electrophoresis (Tris-glycine 

mini gel; 1:2500; Biosource International, Inc) and western 

blot analysis using antibodies specific for the following: 

interleukin (IL)-1β, tumor necrosis factor (TNF)-α, Aβ 

precursor protein (APP), and tau proteins. The optical densi-

ties of the specific bands were measured by image analysis 

software (HPIAS 2000, Tongji Qianping Company, Wuhan, 

People’s Republic of China).

Immunohistochemical assay
Avidin-Biotin Complex (ABC) method is a standard IHC 

method and a widely used technique for immunhistochemi-

cal staining. Avidin, a large glycoprotein, can be labeled 

with peroxidase or fluorescein and has a very high affinity 

for biotin. Biotin, a low molecular weight vitamin, can 
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be conjugated to a variety of biological molecules such 

as antibodies. The second antibody, a goat anti-mouse 

immunoglobulin (Ig) labeled with biotin, was from Vector 

Laboratories, Burlingame CA, USA. The intensity of stain-

ing for each of two hundred cells was adjusted. Five grades 

distinguished the degrees of staining, which represented 

five reaction coefficients, respectively. The five products of 

every coefficient and the corresponding cell number were 

added up, which resulted in the value of a positive score. 

All slides were measured in duplicate. Those samples with 

a score over 10, or frequency over 5%, were considered as 

positive.

statistical analysis
All statistical data were analyzed via the SPSS software for 

Windows 2000 (SPSS, Inc, Chicago, IL, USA). One-way 

analysis of variance was employed. A standard curve was 

used for analysis of ELISA results. P , 0.05 was considered 

as statistically significant.

Results
Minocycline decreased expression  
of Aβ but not APP
The ELISA results showed that the Aβ

40
 levels were 

significantly decreased from 56.43 ± 7.03 pg/mg in the 

model animals to 26.03 ± 6.13 pg/mg of lysate in the 

minocycline administration (P = 0.0001), and Aβ
42

 levels 

from 89.45 ± 9.28 pg/mg to 39.04 ± 6.03 pg/mg of lysates 

(P = 0.0003) (Figure 1A). However, the results by immunos-

taining indicated that minocycline intervention had no effect 

on APP (Figure 1B).

Minocycline decreased phosphorylation 
of tau
The previous results showed that minocycline restrained 

expression of Aβ that occurs in the central nervous sys-

tem during abnormal glucose metabolism. To further 

explore the neuroprotective mechanism of minocycline in 

a diabetic state, total and phosphorylated tau proteins (a 

molecular marker of AD) were tested by western blotting 

or immunohistochemistry. The levels of total tau protein by 

western blotting or immunohistochemistry showed no signifi-

cant change between control and the minocycline intervention 

group (Figure 2A). The levels of phosphorylated tau proteins, 

including pre-tangle marker phospho-tau antibody TG3 

(pT231), intraneuronal tangle marker phospho-tau protein 

(Ser214, pS214), and extracellular tangle marker PHD finger 

protein-1 ([PHF-1] pS396/pS404), significantly decreased 

after minocycline treatment (P = 0.0001), when compared 

with control model animals (Figure 2B).

Minocycline downregulated  
Il-1β and TnF-α
Increasing research studies have supported that diabetes 

induced neuroinflammation plays a crucial role in tau and 

Aβ pathogenesis.12,18,19 Whether such neuroprotective effects 

of minocycline on diabetic metabolism disorder are through 

inhibiting  inflammation is still unclear. To clarify the aca-

demic hypothesis, the proinflammatory cytokines, IL-1β and 

TNF-α, were detected here by ELISA and western blotting. 

The results by ELISA showed that IL-1β levels significantly 
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Figure 1 Assay of Aβ40/42 and amyloid precursor protein.
Notes: (A) The levels of Aβ40/42 proteins were measured by elIsA according to 
the manufacturer’s instruction. The expression of Aβ40/42 protein in the minocycline 
treatment group was significantly decreased when compared with the control model 
group. *Denotes P , 0.01 versus control group. (B) The levels of amyloid precursor 
protein were measured by immunostaining (1:200, Biosource International, Inc, 
Camarillo, CA, USA). It seems that there is no significant difference between the 
control model group and the minocycline intervention group. *Denotes P . 0.05 
versus control group. The model group was subdivided into M4, M6, and M8 for 
4, 6, and 8 weeks after streptozocin injection, and the minocycline administration 
group into MT4, MT6, and MT8.
Abbreviations: APP, amyloid precursor protein; M4, M6, M8: 4, 6, and 8 weeks 
after establishment of diabetes; MT4, MT6, MT8: 4, 6, and 8 weeks after minocycline 
intervention; OD, optical density.
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decreased from 56.32 ± 6.02 pg/mg in control model animals 

to 25.48 ± 6.35 pg/mg of lysates in the minocycline treatment 

group (P = 0.0005), while TNF-α levels were reduced from 

42.43 ± 6.62 pg/mg in control model animals to 23.44 ± 6.52 

pg/mg in the minocycline treated animals (P = 0.0001) 

 (Figure 3A). Similar to the previous ELISA results, the levels 

of IL-1β and TNF-α, as measured by western blotting, were 

distinctly lower after minocycline treatment (P = 0.0001) when 

compared with control model animals (Figure 3B).

Discussion
STZ, a powerful alkylating agent used to develop animal 

models to study diabetes and associated complications, is 

particularly toxic to the insulin-producing beta cells of the 

pancreas in mammals via interfering with glucose transport 

and impacting glucokinase function. Diabetic models will 

be successfully established, which occurred with cataract, 

hyperglycemia, uric acid, diabetic nephropathy, and a blood 

glucose level equal to or above 150 mg/dL were identified 
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Figure 2 Assay for tau proteins.
Notes: (A) The levels of total tau protein (Bioss Co, Beijing, People’s Republic of China) by western blotting (1:200) or immunohistochemistry (1:100) showed no significant 
change between the control and minocycline intervention group. *Denotes P . 0.05 versus control group. (B) The levels of phosphorylated tau proteins by western blotting 
as expressed by the densitometry ratio of tau proteins to β-actin (mean ± standard deviation) were measured, including pre-tangle marker phospho-tau antibody Tg3 
(pT231), intraneuronal tangle marker phospho-tau protein (Ser214, pS214), and extracellular tangle marker PHD finger protein-1 (pS396/pS404). These results showed that 
the optical density value of phospho-tau proteins significantly decreased after minocycline treatment (P = 0.0001). pT231 (1:200), ps214 (1:200), ps396 (1:100), and ps404 
(1:100) were purchased from Bioss Co, scale bar is 20 µm.
Abbreviations: OD, optical density; M4, M6, M8:  4,  6, and 8 weeks after establishment of diabetes; MT4, MT6, MT8: 4, 6, and 8 weeks after minocycline intervention; 
PHF-1, PHD finger protein-1.
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Figure 3 Assay of protein level of interleukin-1β and tumor necrosis factor-α.
Notes: (A) The levels of interleukin (Il)-1β and tumor necrosis factor (TnF)-α by enzyme-linked immunosorbent assay in the minocycline treatment group decreased more 
significantly than in the control model group. *Denotes P , 0.001. (B) The levels of Il-1β and TnF-α by western blotting, as expressed by the densitometry ratio of Il-1β 
and TnF-α to β-actin (mean ± standard deviation), was more evidently reduced in the minocycline treatment group than in the control model group. *Denotes P , 0.01 
versus control model group.
Abbreviations: Il-1β, interleukin-1β; OD, optical density; TnF-α, tumor necrosis factor-α; M4, M6, M8:  4,  6, and 8 weeks after establishment of diabetes; MT4, MT6, 
MT8: 4, 6, and 8 weeks after minocycline intervention.

as diabetic while the blood glucose level of normal rats 

varied between 50 to 135 mg/dL.18,19 Diabetic animals were 

continually given a high fat and high sugar diet. This study 

demonstrated that minocycline inhibited tau phosphorylation 

and decreased Aβ protein to maintain neural function, and 

attenuated neuroinflammation under diabetic metabolism 

disorder, indicating the neuroprotective role of minocycline 

in AD via inhibiting neuroinflammation.

Minocycline, an antibiotic that effectively crosses the 

blood–brain barrier, has been found to have significant 

neuroprotective effects on cerebral ischemia disorders ,20,21 

demyelinating diseases,22,23 and especially in neurodegen-

erative disorders including amyotrophic lateral sclerosis,24,25 

AD,26 Huntington’s disease,27,28 and Parkinson’s disease.26,29 

Previously, the results from our group have demonstrated that 

minocycline improved cognitive impairment and retarded Aβ 

generation in the hippocampus caused by diabetic metabolic 

disorder, through inactivating the nuclear factor-κB pathway.9 

Considering the critical role of tau and Aβ pathology in 

the progress of cognitive impairment,30,31 it is possible that 

minocycline improves cognitive impairment via limiting 

tau hyperphosphorylation and Aβ pathology. On the basis 

of the finding that minocycline had no influence on beta-site 

amyloid precursor protein cleaving enzyme 1 in diabetic 

disorder, which determines the speed of Aβ generation,9 it 

seems that minocycline has no modification on APP, since 

the critical role in Aβ generation is through modulating APP 

processing, and minocycline has no influence on APP level 

in this study.

Literature has shown that the two classical histopatho-

logical hallmarks include amyloid plaques (extracellular Aβ 

deposition) and neurofibrillary tangles (intracellular deposits 

of hyperphosphorylated tau protein) in AD.32–35 The hyper-

phosphorylation of tau plays an important role in the progress 

of AD. This study detected the levels of phosphorylated tau 

proteins, including pre-tangle marker phospho-tau antibody 

TG3 (pT231),34,35 intraneuronal tangle marker phospho-tau 

protein (Ser214, pS214), and the extracellular tangle marker 
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PHF-1 (pS396/pS404).36,37 The results from this research 

found that minocycline strongly limited the phosphorylation 

of tau protein, including TG3 (pT231), pS214, and PHF-1 

(pS396/pS404), but not total tau. These data implicate that 

one of the neuroprotective roles of minocycline is via the 

suppression of the tau phosphorylation.

A variety of research data supports that minocycline acts 

as the neuroprotector via inhibiting brain inflammation,9,10 

astrocyte reactivation,38 microglia activation,39–41 oxidative 

stress,9,38 apoptosis,9 and extracellular matrix degradation.42 

Two common pathophysiological mechanisms of diabetic 

damage include oxidative stress and inflammation. Increasing 

evidence suggests that TNF-α and IL-1β (the inflammation 

markers) participate in the progression of brain injury from 

diabetes.43,44 To further explain the neuroprotective mecha-

nisms of minocycline, TNF-α and IL-1β were measured. 

The decrease of TNF-α and IL-1β evoked by minocycline 

occurred in this investigation. Accordingly, minocycline 

decreased tau hyperphosphorylation and downregulated Aβ 

protein by restraining neuroinflammation from diabetes, 

while inflammation contributes to both the hyperphospho-

rylation of tau and Aβ generation.

Neuroinflammation may be responsible for neurodegen-

eration in vulnerable regions such as the hippocampus.45,46 

There is growing evidence that supports a prominent role 

of inflammation in the development of AD.47 An important 

feature of AD is that the hyperphosphorylation of tau and 

Aβ deposit may trigger an active, self-perpetuating cycle of 

chronic neuroinflammation which serves to further promote 

the hyperphosphorylation of tau and Aβ generation.48,49 

Therefore, minocycline may lower the self-perpetuating 

cycle in the pathogenetic cascade of neurodegeneration in 

AD, indicating that minocycline aims at both mechanisms 

to be a beneficial agent in the prevention and treatment of 

AD.

This study has evaluated the influence of minocycline 

on tau protein and Aβ protein under diabetic disorder. 

Minocycline decreases the hyperphosphorylation of 

tau and Aβ production by inhibiting the process of 

neuroinflammation. Minocycline may also lower the self-

perpetuating cycle between neuroinflammation and the 

pathogenesis of tau and Aβ to act as a neuroprotector, 

maintain neural function, and improve behavioral deficits 

under diabetic disorder. Accordingly, the ability of minocy-

cline to modulate the inflammatory reaction may be of great 

importance in the selection of neuroprotective agents, espe-

cially in chronic procedures like AD. Hence, further studies 

exploring the effect of minocycline on these mechanisms 

may lead to better understanding and improvement of the 

role of treatment.
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