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Abstract: The molecular development of diabetic encephalopathy remains ill-defined. Recently, we reported that
elimination of inflammatory macrophages alleviated the progress and severity of diabetic encephalopathy. Here,
we studied the underlying mechanism. Inflammatory macrophages were isolated from the brain of the mice that
received i.p. injection of streptozotocin (STZ) to develop diabetes 6 weeks before, and showed enhanced autophagy
activity, seemingly through augmentation of Beclin-1 levels. However, the increases in Beclin-1 levels did not result
from enhanced gene transcription, but appeared to result from suppression of a Beclin-1-inhibitory microRNA,
miR-384-5p. Overexpression of miR-384-5p in the inflammatory macrophages through an adeno-associated virus
mediated gene transfer system significantly reduced inflammatory macrophages in the diabetic brain, resulting
in attenuation of the STZ-induced decreases in brain malondialdehyde, catalase and superoxidase anion-positive
cells, and the STZ-induced increases in brain nitric oxide. Thus, these data suggest that downregulation of miR-384-
5p in the inflammatory macrophages may enhance macrophage autophagy and contribute to the development of
diabetic encephalopathy, which may be suppressed by re-expression of miR-384-5p in macrophages.
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Introduction

Diabetes is a metabolic disorder associated
with increasing risks for central nervous sys-
tem disorders [1]. Diabetic encephalopathy
appears to be a complication that involves
direct neuronal damage caused by hyperglyce-
mia [2]. Diabetic encephalopathy received in-
creasing attention recently, since it results in
electrophysiological, structural, neurochemical
as well as degenerative alterations to neuronal
systems which seriously impair neural func-
tions [3]. Indeed, diabetic encephalopathy is
often associated with incidence of dementia, or
even Alzheimer’s disease [4]. Oxidative stress
and inflammation are responsible for diabetic
encephalopathy and other neurodegenerative
diseases [5-9], but the molecular development
of diabetic encephalopathy remains ill-defined.

Brain inflammation due to pathogenesis of dia-
betes is an important mechanism of brain dam-
age and the cause of diabetic encephalopathy
[5-9]. Previous studies have demonstrated a

role of activated and infiltrated macrophages
in the progression of chronic central nervous
system neurodegeneration [10]. Recently, we
reported that elimination of inflammatory mac-
rophages alleviated the progress and severity
of diabetic encephalopathy, without affecting
mouse blood glucose, serum insulin, glucose
responses and beta cell mass [11]. However,
the molecular regulation of brain inflammatory
macrophages in diabetes is unknown.

Autophagy is a biological choice for the cells
to survive nutrient deprival or harsh environ-
ment through recycling degraded cellular com-
partments [12]. During autophagy, autophago-
somes engulf degraded cellular compartments,
leading to conjugation of cytosolic microtubule-
associated protein 1A/1B-light chain 3 (LC3-I)
to phosphatidylethanolamine LC3-phosphati-
dylethanolamine conjugate (LC3-Il). The ratio of
LC3-1l to LC3-I levels is thus a representative
for the autophagic activity to be used common-
ly [12-14]. Many proteins coordinate the initia-
tion and progression of autophagy, e.g. autoph-
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gy activity, seemingly through
augmentation of Beclin-1 lev-
els. However, the increases in
Beclin-1 levels did not result
from enhanced gene tran-
scription, but appeared to
result from suppression of a
Beclin-1-inhibitory microRNA,
miR-384-5p. Overexpression
of miR-384-5p in the inflam-
matory macrophages in vivo
was achieved through an ade-
no-associated virus mediated
gene transfer system, which
significantly reduced inflam-
matory macrophages in the
diabetic brain, resulting in at-
tenuation of the STZ-induced
decreases in brain malondial-
dehyde, catalase and super-
oxidase anion-positive cells,
and the STZ-induced increas-
es in brain nitric oxide.
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Figure 1. Enhanced macrophage autophagy is detected in the brains from

STZ-treated mice. (A) The beta-cell toxin streptozotocin (STZ) was i.p. in-
jected at a dose of 150 mg/kg body weight to induce high blood glucose
in C57BL/6 male at 10 week of age. The control mice (CTL) were injected
with saline. Six weeks after STZ injection, the mouse brain was dissociated
into single cells to sort F4/80+ macrophages. (B) Representative Western
blotting for LC3-1l/1, ATG7, p62 and Belcin-1 (C-F) Quantification for LC3-Il/1
ratio (C), ATG7 (D), p62 (E) and Belcin-1 (F) blotting in macrophages from
STZ-treated mice, compared to CTL mice. (G) RT-qPCR for Belcin-1 mRNA in
macrophages from STZ-treated mice, compared to CTL mice. *p<0.05. NS:

non-significant. N=10.

agy-associated protein 6 (Atg6, or Beclin-1),
ATG7 and p62 [15]. Recent evidence showed
that these proteins that regulate autophagy
are sometimes controlled by a group of small
non-coding RNA, termed microRNAs (miRNAS).
Among all miRNAs, miR-384-5p was a specific
one that was involved in the regulation of neu-
ral functions [16, 17]. Very recently, we showed
that miR-384-5p was a miRNA that targets
Beclin-1 to control macrophage autophagy in
the development of atherosclerosis [18]. How-
ever, the role of this regulatory axis in diabetic
encephalopathy has not been examined. Here,
we addressed this question.

Inflammatory macrophages were isolated from
the brain of the mice that received i.p. injection
of streptozotocin (STZ) to develop diabetes 6
weeks before, and showed enhanced autopha-
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All mouse experiments were
approved by research com-
mittee of Shanghai Sixth
People’s Hospital affiliated to
Shanghai Jiaotong University.
Male C57BL/6 mice of 10
weeks of age were purchased
from Jackson Labs (Bar Har-
bor, ME, USA). Fasting blood
glucose and serum insulin
were measured as described before [11]. Stre-
ptozotocin (STZ) was i.p. injected at a dose of
150 mg/kg body weight to induce high blood
glucose in 10 week-old male mice. Control mice
(CTL) received injection of same volume of
saline. For viral injection, the mice received
10%° adeno-associated viruses (AAVs) from the
tail vein at the time of STZ.

Flow cytometry for macrophages

Mouse brain was dissociated into single cells
by incubation in 0.02% Trypsin at 37°C for 50
minutes. The single cell fraction was incubated
with PEcy7-conjugated F4/80 antibody (Becton-
Dickinson Biosciences, San Jose, CA, USA), fol-
lowed by flow cytometry based analysis and cell
sorting. Primary mouse macrophages were cul-
tured in DMEM media (Invitrogen, CA, Carlsbad,
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Figure 2. Enhanced macrophage autophagy in the brains from STZ-treated

are anti-F4/80 (Invitrogen)
and anti-o-tubulin  (1:1000;
Cell Signaling, San Jose, CA,

null  miR-384-5p

mice is likely due to reduced suppression of protein translation of Beclin-1 USA). Secondary antibody is
by miR-384-5p. (A) Bioinformatics show miR-384-5p binding sites on wild- HRP-conjugated anti-rat and

type (wt) 3'-UTR of Beclin-1 mRNA and illustration of mutate (mut) 3’-UTR of
Beclin-1 mRNA. (B) RT-gPCR for miR-384-5p levels in brain macrophages.

anti-rabbit (Jackson Immuno-

(C) RT-gPCR for miR-384-5p levels in miR-384-5p-modified macrophages. Research Labs, West Grove,
(D, E) Luciferase reporters containing the 3’-UTR of Beclin-1 mRNA (D) or a PA, USA). Western blot quanti-
mutated 3’-UTR of Beclin-1 mRNA in the miR-384-5p binding site (D), as well fication was performed using

as miR-384-5p-modifiction plasmids were co-transfected into macrophages
to analyze luciferase activity in a dual luciferase assay. *p<0.05. NS: non-

significant. N=>5.

USA) suppled with 5% fetal bovine serum (FBS,
Invitrogen) and 1% penicillin/streptomycin (In-
vitrogen).

AAV production

We used a pAAV-CAG-GFP plasmid (Clontech,
Mountain View, CA, USA) as a backbone for
generating AAVs. The miR-384-5p mimics, or
null controls were purchased from RiboBio
Co., Ltd. (Guangzhou, Guangdong, China), as
has been described before [18]. The GFP cod-
ing sequence was replaced with miR-384-5p
or null, while CAG promoter was replaced with
CD68 promoter. To generate AAVs, HEK293T
cells were co-transfected with 10 pg of the pre-
pared plasmids and 5 uyg each of packaging
plasmids using Lipofectamine-2000 (Invitro-
gen). The viruses were purified using CsCl den-
sity centrifugation and the titration was deter-
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NIH ImageJ software (Bethes-
da, MA, USA).

Immunohistochemistry and
beta cell mass

Mouse pancreas and brain were dissected out
and fixed in 4% paraformaldehyde for 6 hours,
cyro-protected in 30% sucrose overnight, and
then sectioned in 6 uM. Primary antibodies are
guinea pig polyclonal anti-insulin (1:500; DAKO,
Carpinteria, CA, USA) and rat polyclonal anti-
F4/80 (1:200; Invitrogen). Secondary antibod-
ies were HRP-conjugated antibodies for corre-
sponding species (1:1000; Jackson Immuno-
Research Labs). Hematoxylin counterstaining
was performed at the end of the staining. The
quantification of beta cell mass was done as
has been described before [11].

Measurement of nitrite/nitrate production

Measurement of nitrite/nitrate production was
described before [11].

Am J Transl Res 2018;10(2):511-518
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Figure 3. Re-expression of miR-384-5p in macrophages does not alter dia-

weeks after STZ

(wt) and Beclin-1 mRNA 3'-
UTR with a site mutation at
the miR-384-5p binding site
(mut) (Creative Biogene, Shir-
ley, NY, USA).

Statistical analyses

Data were analyzed using
one-away ANOVA with a Bon-
ferroni correction, followed by
Fisher’ Exact Test for compari-
son of two groups (GraphPad
Prism, GraphPad Software,
Inc. La Jolla, CA, USA), shown
as the mean + S.D. The p
value less than 0.05 was con-
sidered significant.
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betic state of STZ-treated mice. Four group of mice of 10 of each were in-

cluded in this experiment. Group 1, the mice received saline only injection

Results

(CTL). Group 2, mice received STZ only (STZ). Group 3, mice received STZ and

AAV-null (STZ+AAV-null). Group 4, mice received STZ and AAV-miR-384-5p
(STZ+AAV-miR-384-5p). All AAVs used CD68 promoter. Mice were followed
for 6 weeks. A. Fasting blood glucose. B. Serum insulin. C. Immunostaining

Enhanced macrophage au-
tophagy is detected in the
brains from STZ-treated mice

for insulin. D. Beta cell mass. *p<0.05. NS: non-significant. N=10. Scale bars

are 100 ym.
Measurement of thiobarbituric reactive sub-
stances (TBARS)

Measurement of thiobarbituric reactive sub-
stances (TBARS) was described before [11].

Measurement of catalase activity

Measurement of catalase activity was des-
cribed before [11].

Histological identification of superoxide anion

Histological identification of superoxide anion
was described before [11].

Bioinformatics and dual luciferase-reporter
assay

MiRNAs targets were predicted as has been
described before [18], using the algorithms
TargetSan [19]. Luciferase reporter assay was
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The beta-cell toxin streptozo-

tocin (STZ) was i.p. injected at
a dose of 150 mg/kg body weight to induce
high blood glucose in C57BL/6 male at 10
week of age. The control mice (CTL) were inject-
ed with saline. Six weeks after STZ injection,
the mouse brain was dissociated into single
cells to sort F4/80+ macrophages (Figure 1A),
as described before [11]. Since autophagy
affects cell survival and death, we thus ana-
lyzed the autophagy levels in macrophages
from the brains of these mice. We detected sig-
nificant increases in LC3-ll/I ratio in mac-
rophages from STZ-treated mice, compared to
CTL mice (Figure 1B, 1C, Supplementary Figure
1 upper panel). The alteration of autophagy
activity in brain macrophages did not seem to
result from changes in autophagy-associated
factors ATG7 (Figure 1B, 1D), p62 (Figure 1B,
1E), but likely resulted from augmentation of
Beclin-1 (Figure 1B, 1F). However, unlike pro-
tein, the mRNA levels of BECLIN-1 did not alter
in brains from STZ-treated mice (Figure 1G),

Am J Transl Res 2018;10(2):511-518
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Figure 4. Re-expression of miR-384-5p in macrophages significantly reduces
inflammatory macrophages in the brain. (A, B) Re-expression of miR-384-5p
significantly reduced the F4/80 protein (A) and F4/80 mRNA (B) in the brains
of STZ-treated mice. (C, D) Immunohistochemistry for F4/80 was shown by
representative images (C), and by quantification (D). *p<0.05. NS: non-sig-

nificant. N=10. Scale bars are 50 ym.

suggesting that STZ-diabetes may change the
Beclin-1 protein at a post-transcriptional level.

Enhanced macrophage autophagy in the
brains from STZ-treated mice is likely due to
reduced suppression of protein translation of
Beclin-1 by miR-384-5p

Since we have previously reported that miR-
384-5p was a miRNA that targets Beclin-1 to
control macrophage autophagy in the develop-
ment of atherosclerosis [18], here we examined
whether this regulatory axis also works in the
regulation of macrophages associated with dia-
betic encephalopathy. Indeed, miR-384-5p tar-
gets 3-UTR of Beclin-1 mRNA at one binding
site (Figure 2A). Moreover, miR-384-5p levels
in brain macrophages significantly decreased
after STZ-treated mice (Figure 2B). Modification
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NS

of miR-384-5p levels was per-
formed in macrophages, by
transfection with miR-384-5p
mimics, antisense for miR-
384-5p (as-miR-384-5p) or
null controls (null), which was
confirmed by RT-qPCR (Figure
2C). Next, luciferase repor-
ters containing the 3’-UTR of
Beclin-1 mRNA or a mutated
3-UTR of Beclin-1 mRNA in
the miR-384-5p binding site
were constructed (Figure 2A).
We found that miR-384-5p
markedly inhibited the lucifer-
ase activity of the vector con-
taining the wild-type binding
site, whereas the as-miR-
384-5p increased the lucifer-
ase activity (Figure 2D). On
the other hand, transfection
of either miR-384-5p or as-
miR-384-5p did not affect
the luciferase activity of the
reporter for 3'-UTR of Beclin-1
mRNA carrying the mutated
miR-384-5p binding site (Fig-
ure 2E). Together, these data
suggest that enhanced mac-
rophage autophagy in the
brains from STZ-treated mice
is likely due to reduced sup-
pression of protein transla-
tion of Beclin-1 by miR-384-
5p.
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Re-expression of miR-384-5p
in macrophages does not alter diabetic state
of STZ-treated mice

In order to figure out whether decreases in miR-
384-5p in brain macrophages may be respon-
sible for the enhanced macrophage autophagy
and progress of diabetic encephalopathy, we
generated AAVs carrying miR-384-5p or null
under control of a CD68 promoter. CDGS8 is
exclusively expressed by monocyte/macroph-
ages, and thus gene therapy with AAVs using
CD68 promoter specifically addressed macro-
phages. Four group of mice of 10 of each were
included in this experiment. Group 1, the mice
received saline only injection (CTL). Group 2,
mice received STZ only (STZ). Group 3, mice
received STZ and AAV-null (STZ+AAV-null).
Group 4, mice received STZ and AAV-miR-384-
5p (STZ+AAV-miR-384-5p). Mice were followed

Am J Transl Res 2018;10(2):511-518
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Figure 5. Re-expression of miR-384-5p in macrophages alleviates brain deg-
radation in STZ-treated mice. (A-D) Measurement of brain MDA (A), catalase
(B), superoxidase anion-positive cells (C), and NO (D). *p<0.05. NS: non-

significant. N=10.

for 6 weeks. We found that STZ induced sus-
tained hyperglycemia (Figure 3A), as well as
significant and constant decreases in serum
insulin (Figure 3B) in mice, regardless receiving
AAVs or not. Moreover, STZ-treated mice had
significantly reduced beta cell mass, which
was also not affected by either AAVs (Figure
3C, 3D). Together, these data suggest that
re-expression of miR-384-5p in macrophages
does not alter diabetic state of STZ-treated
mice.

Re-expression of miR-384-5p in macrophages
significantly reduces inflammatory macro-
phages in the brain

Next, we analyzed the effects of Re-express-
ion of miR-384-5p on macrophages. We found
that Re-expression of miR-384-5p significantly
reduced the F4/80 protein (Figure 4A, Supple-
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mentary Figure 1 lower panel)
and F4/80 mRNA (Figure 4B)

in the brains of STZ-treated
mice, which was also support-
ed by immunohistochemistry
for F4/80 in these mice,
shown by representative im-
ages (Figure 4C), and by quan-
tification (Figure 4D). Hence,
re-expression of miR-384-5p
in macrophages significantly
reduces inflammatory macro-
phages in the brain.

4
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Re-expression of miR-384-5p
in macrophages alleviates
brain degradation in STZ-
treated mice

*

Finally, we analyzed the ef-
fects of re-expression of miR-
384-5p in macrophages on
brain degradation markers,
brain malondialdehyde (MDA),
catalase, superoxidase anion-
positive cells and nitric oxide
(NO). We found that re-ex-
pression of miR-384-5p in
macrophages attenuated the
STZ-induced decreases in
brain MDA (Figure 5A), cata-
lase (Figure 5B) and superoxi-
dase anion-positive cells (Fig-
ure 5C), as well as the STZ
induced increases in brain
NO (Figure 5D). These data
suggest that re-expression of miR-384-5p in
macrophages alleviates brain degradation in
STZ-treated mice.
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Discussion

Diabetic encephalopathy is one major compli-
cation of severe diabetes, likely resulting from
hyperglycemic and inflammatory damages [3,
20-22]. Although great efforts have been made
to understand the molecular mechanisms un-
derlying development of diabetic encephalopa-
thy [5-9], our current knowledge on this preva-
lent disease is quite limited.

Brain inflammatory events secondary to diabe-
tes contribute significantly to the development
of diabetic encephalopathy. Most interestingly,
recent evidence points to a critical role of mac-
rophages in the progress of chronic central ner-

Am J Transl Res 2018;10(2):511-518
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vous system neurodegeneration [10]. Recently,
we used a mouse STZ-diabetes model to figure
out that the overall function of inflammatory
macrophages in the diabetic brain appears to
be negative [11]. Elimination of brain inflamma-
tory macrophages not only significantly inhibit-
ed the STZ-induced decreases in brain MDA,
catalase and superoxidase anion-positive cells,
but also significantly attenuated STZ-induced
increases in NO [11]. However, we did not give
answers to the regulation of brain macrophages
in the pathological state of diabetes.

In the current study, we took advantage of
another finding in our study on atherosclerosis
[18], in which we demonstrated the regulatory
axis of miR-384-5p/Belcin-1 in the regulation
of macrophage autophagy. Here, it seemed
that this regulatory axis worked in an opposite
way, since macrophage autophagy appeared to
play a malignant role in development of diabet-
ic encephalopathy but a beneficial role against
development of atherosclerosis. Nevertheless,
interference with this target appeared to be
effective in both models.

Here, we used an AVV system to alter gene
expression in macrophages. A CD68 promoter
was chosen not only due to its specificity in
macrophages, but also due to its relative small
size to be well resembled into an AVV vector.
Compared to CD68 promoter, F4/80 promoter
region is too big to be fit into an AVV. We used
both STZ and STZ with control AAV as controls,
since we would like to exclude the possibility
that the infection itself may alter macrophage
characteristics [23], although our final results
did not support this possibility.

The next question may be the exact mecha-
nism leading to the suppression of miR-384-5p
in macrophages in the diabetic state. Further
experiments may be applied to answer this
question, which may further improve our under-
standing of the molecular pathology of diabetic
encephalopathy.

To summarize, here we showed evidence for
miR-384-5p as a novel target to experimental-
ly control the development of diabetic enceph-
alopathy.
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Supplementary Figure 1. Uncut gel for the Western blotting shown in the article.



