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cognitive impairment in diabetic mice.

Clin. Transl. Med. 2020;10:e205. wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.205

https://orcid.org/0000-0003-1035-5588
mailto:zhuzm@yahoo.com
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.205


Received: 1 July 2020 Revised: 28 September 2020 Accepted: 28 September 2020 Published online: 14 October 2020

DOI: 10.1002/ctm2.205

RESEARCH ARTICLE

Low-glucose-sensitive TRPC6 dysfunction drives
hypoglycemia-induced cognitive impairment in diabetes

Chengkang He1 Peng Gao1 Yuanting Cui1 Qiang Li1 Yingsha Li1

Zongshi Lu1 HuanMa1 Yu Zhao1 Li Li1 Fang Sun1 Xiaowei Chen2

Hongbo Jia3 Daoyan Liu1 Gangyi Yang4 Hongting Zheng5 Zhiming Zhu1

1 Department of Hypertension and
Endocrinology, Center for Hypertension
and Metabolic Diseases, Daping Hospital,
Chongqing Institute of Hypertension,
Army Medical University, Chongqing,
China
2 Brain Research Center, Army Medical
University, Chongqing, China
3 Suzhou Institute of Biomedical
Engineering and Technology, Chinese
Academy of Sciences, Suzhou, China
4 Endocrine Department, Second
Affiliated Hospital of Chongqing Medical
University, Chongqing, China
5 Department of Endocrinology,
Translational Research Key Laboratory for
Diabetes, Xinqiao Hospital, Army Medical
University, Chongqing, China

Correspondence
ZhimingZhu,Department ofHyper-
tension andEndocrinology,Center for
Hypertension andMetabolicDiseases,
DapingHospital, Chongqing Institute of
Hypertension,ArmyMedicalUniversity,
Chongqing 400042,China.
Email: zhuzm@yahoo.com

Funding information
NationalNatural ScienceFounda-
tionofChina,Grant/AwardNum-
bers: 81920108010, 81900761, 81721001,
2018YFA0800601

Abstract
Background: Recurrent moderate hypoglycemia (RH), a major adverse effect of
hypoglycemic therapy in diabetic patients, is one of the main risk factors for cog-
nitive impairment and dementia. Transient receptor potential canonical channel
6 (TRPC6) is a potential therapeutic target for Alzheimer’s disease (AD) and its
expression is highly regulated by glucose concentration.
Objective:To investigatewhetherRH regulates the expression of TRPC6 in brain
and whether TRPC6 dysfunction can drive hypoglycemia-associated cognitive
impairment in diabetes, and reveal the underlying mechanism.
Methods: Histological staining, in vivo two-photon Ca2+ imaging, and behav-
ioral tests were used to measure neuronal death, brain network activity, and
cognitive function inmice, respectively. High-resolution respirometry and trans-
mission electron microscope were used to assess mitochondrial structure and
function. Intracellular calcium measurement and molecular biology techniques
were conducted to uncover the underlying mechanism.
Results: Here, we report that the expression of TRPC6 in hippocampus was
specifically repressed by RH in streptozocin-induced type 1 diabetic mice, but
not in nondiabeticmice. TRPC6 knockout directly leads to neuron loss, neuronal
activity, and cognitive function impairment under diabetic condition, the degree
of which is similar to that of RH. Activation of TRPC6 with hyperforin sub-
stantially improved RH-induced cognitive impairment. Mechanistically, TRPC6
inhibited mitochondrial fission in the hippocampus of diabetic mice undergo-
ing RH episodes by activating adenosine 5‘-monophosphate-activated protein
kinase, and TRPC6-mediated cytosolic calcium influx was required for this pro-
cess. Clinically, dysfunction of TRPC6 was closely associated with cognitive
impairment in type 2 diabetic patients with RH.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Conclusions:Our results indicate that TRPC6 is a critical sensitive cation chan-
nel to hypoglycemia and is a promising target to prevent RH-induced cognitive
impairment by properly orchestrating the mitochondrial dynamics in diabetic
patients.
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1 INTRODUCTION

Hypoglycemia is a common clinical event in diabetic
patients, especially those with tight glycemic control using
insulin or other hypoglycemic agents. As the energy source
of the adult human brain almost completely depends on
glucose, hypoglycemia is undoubtedly the primary risk
factor for cognitive deficits in diabetic patients.1–3 Severe
hypoglycemia (blood glucose < 2.3 mM) can lead to coma,
which might cause permanent brain damage and even
death. Moderate hypoglycemia, referred to blood glucose
level falling to 2.3-3.9 mM, is usually self-remitted but
not easily aware of.4 However, recurrent moderate hypo-
glycemia (RH) occurs in more than 70% patients with type
1 diabetes mellitus (T1DM) and 40% patients with type 2
diabetes mellitus (T2DM), and which is much more fre-
quent than severe hypoglycemia.1,5,6 Unfortunately, there
is no effective measure to prevent cognitive impairment
induced by RH in diabetic patients at present. Hence, it
is urgent to reveal the underlying mechanisms of RH-
induced cognitive deficits and identify new intervention
targets.
As neuronal survival and synaptic plasticity are highly

dependent on energy supply from mitochondria, neurons
are extremely susceptible to mitochondrial damage com-
pared with other cell types.7,8 Brain mitochondrial struc-
tural and functional disorders play a critical role in cog-
nitive impairment.9 The balance between mitochondrial
fission and fusion is fundamental for the maintenances
of morphology and function of mitochondria in response
to metabolic stresses. Mitochondrial fusion, mediated by
mitofusin (Mfn) 1 and 2, is thought to promote oxidative
phosphorylation,10 whereas mitochondrial fragmentation
caused by fission is associatedwithmitochondrial dysfunc-
tion in response to severe energy shortage.11,12 Abnormal
mitochondrial dynamics and mitochondrial dysfunction,
in particular Drp1-mediated excessive mitochondrial fis-
sion, are main steps in RH-induced hippocampal synap-
tic injury and cognitive deficits.13 It is worth noting that
mitochondrial dynamics is tightly regulated by intracellu-
lar calcium, as fusion depends on calcium oscillations14
and fission could be evoked by intracellular Ca2+ elevation

accompanied with dephosphorylation of DRP1 Ser637.15
Therefore, RH-inducedmitochondrial dysfunction in neu-
rons may be related to the change of intracellular calcium
homeostasis.
The transient receptor potential channel 6 (TRPC6) is a

Ca2+-permeable nonselective cation channels,16,17 which
participate in multiple key processes in nervous system,
such as neuronal survival, neural stem cell proliferation,
and differentiation and synaptogenesis.18–20 The expres-
sion of TRPC6 is remarkably decreased in neurons of rats
with cerebral ischemia21 and in peripheral blood leuco-
cytes of patients with cognitive impairment.22 In contrast,
activation of TRPC6with hyperforin, the active constituent
of St. John’s Wort, significantly ameliorates the depression
symptom in patients.23–27 These results support a close
association between TRPC6 and cognitive function, but it
is not known whether these effects are related to the regu-
lation of cellular calcium level. In addition, comparedwith
other TRPC members, TRPC6 displays a high sensitivity
to glucose concentration as the expression and function
of TRPC6 is significantly elevated by high glucose stim-
ulation in some organs.28–31 However, whether and how
TRPC6 participates in RH-induced cognitive impairment
remain uninvestigated.
Here, we observed that the expression of TRPC6 in

hippocampus was inhibited by RH in the case of diabetes,
and TRPC6 knockout showed similar deteriorate effects on
cognitive function as RH in the diabetic model. We eluci-
dated the molecular mechanism of RH-induced cognitive
impairment and identified TRPC6 as an important target
in response to hypoglycemic stimulation in the brain.

2 MATERIALS ANDMETHODS

2.1 Animals

TRPC6 global knockout mice (B6; 129S-Trpc6tm1Lbi/
Mmjax, stock number: 37345-JAX, TRPC6−/−) and wild-
type controls were purchased from The Jackson Labora-
tory. Male mice (about 16-week old) with body weight over
27 g were used and divided into the following groups: mice
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with STZ-induced type 1 diabetes mellitus (DM), DMmice
with recurrent moderate hypoglycemia (DM-RH), TRPC6
deficiency mice with DM (TRPC6−/−-DM), TRPC6−/−-
DM mice with RH (TRPC6−/−-DM-RH), nondiabetic
(ND) mice, and nondiabetic mice with RH (ND-RH).
Hyperforin- or saline-treated RH mice were divided
into the following groups: DM-RH, DM-RH-hyperforin,
TRPC6−/−-DM-RH, and TRPC6−/−-DM-RH-hyperforin.
The TRPC6−/− and WT mice were received streptozo-

tocin (STZ, 50 mg/kg/day) for 5 consecutive days to estab-
lish the type 1 diabetic model. The animals with random
blood glucose > 16.7 mM defined as DM. To make sure
the mice remain healthy and closely replicate the treat-
ment in diabet, all DMmice were administrated with long-
acting insulin glargine once a day from the seventh day of
STZ injection to the end of the experiment. All mice were
housed according to the guidelines from Animal Ethics
Committee of Daping hospital.

2.2 Recurrent moderate hypoglycemia
episodes and hyperforin treatment

In order to induce recurrent moderate hypoglycemia
attack, mice were injected with insulin (Wanbang, China,
8.0 units/kg for DMmice and 0.5-0.8 units/kg for NDmice,
i.h.) 4 hours after fasting, once every 2 days, three times
a week, lasting for 8 weeks. Each injection was performed
at 8 to 9 a.m. 2 hours after insulin injection, mice were
feed to terminate the hypoglycemia episode. None of mice
experienced with seizures or coma during RH.
Hyperforin was purchased from sigma (10 mg,

PHL89225) and dissolved in DMSO (100 mg/mL), then
divided and store at−80◦C. The stock solution was diluted
with 0.2 mL saline and injected intraperitoneally once a
day (6 mg/kg/per day, PHL89225; Sigma) for 8 weeks.

2.3 Behavioral tests

The behavioral tests, including the Morris water maze, Y-
maze, and open field, were conducted according to pre-
vious study.32 To avoid the effects of acute hypoglycemia
on behavioral performance, these tests were started at the
fourth day after the postlast hypoglycemia exposure. All
tests performed between 8:00 and 18:00. In Y-maze test,
mice first freely moved in two arms for 5 minutes, and
after 2 hours, mice freely explored in three arms for 5 min-
utes. In open field test, mice freely moved in the appara-
tus for 5 minutes, and the distance traveled was recorded.
TheMorriswater-maze testwas consisted of platform trials
for 4 consecutive days and a probe trial at fifth day. Before
test, one mouse in treatment group was excluded for the

Highlights

∙ TRPC6 expression is specifically sensitive to glu-
cose in a concentration-dependent manner.

∙ Recurrent moderate hypoglycemia impairs
cognitive function by inhibiting hippocampal
TRPC6.

∙ Repression of TRPC6 promotes hippocampal
mitochondrial fission via inhibition of AMPK.

∙ Activation of TRPC6 by hyperforin prevents
recurrent moderate hypoglycemia-induced cog-
nitive impairment.

poor swimming ability. The escape latency and searching
strategy in platform trials were measured. In probe trials,
annulus crossings and the time spent in target quadrant
(Q3) were analyzed.

2.4 In vivo two-photon Ca2+ imaging

To directly measure cortical neuronal activity, in vivo two-
photon Ca2+ imaging was performed to simultaneously
record spontaneous occurring somatic Ca2+ transients at
single-cell resolution in the prefrontal cortex (PFC). The
animal surgery was performed in accordance with the
standard procedure as previously described.33 Briefly, mice
were anesthetized by inhalation of 1.8% isoflurane in gas
mixture (95% O2 and 5% CO2) and maintained body tem-
perature at 37◦C. After removing the skin above the tar-
get region, a recording chamber with a hole at the front
was cemented to the skull. Then, craniotomy (approxi-
mately 1.8 × 1.8 mm) was made at the skull projective
point of PFC (1.7 mm lateral to middle, 2.9 mm anterior
to bregma) under a dissecting microscope using a high-
speed drill. Remove the skull and keep the dura intact.
Bleedingwas stopped by using artificial cerebrospinal fluid
(ACSF: 125 mM NaCl, 4.5 mM KCl, 26 mM NaHCO3,
1.25 mM NaH2PO4, 2 mM CaCl2,1 mM MgCl2 and 20 mM
glucose, PH 7.4) and 1.5% agarose was added to surface
of exposed cortex. The breath rate of mice maintained
within 90–110 breath per minute. Neurons in layer 2/3 of
the PFC (200-250 um depth) were bulking loading with
0.5 mM highly sensitive fluorescent Ca2+ indicator Cal-
520AM (AAT-Bioquest, Sunnyvale, CA) under two-photon
microscope using a glass pipette.
A 4-6 minutes consecutive recording was acquired at a

40-Hz frame rate with a custom-build two-photon micro-
scope (Suzhou Institute of Biomedical Engineering and
Technology, China). The region of interest (ROI) was
manually drawn, and relative fluorescence change (∆F/F)
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was calculated with LabVIEW 2014 (National Instru-
ments). The morphology and time course of Ca2+ tran-
sients were used to excluded Glial cells signal.

2.5 Brain glucose and blood glucose
monitoring

Mice were anesthetized by inhalation of 1.5% isoflurane. A
small craniotomy (approximately 1.0 × 1.0 mm) was made.
Then, the flash glucose monitoring system (FreeStyle
Libre) was placed on the chamber and ensures that the
probe is inserted into the brain tissue. A sensor-matched
detector used to detect brain glucose level. The blood glu-
cose was detected by Rattail Glucose Meter.

2.6 Immunostaining and TUNEL
staining

Animals were perfused transcardially with cold saline
followed by 4% PFA. The brains were harvested and dehy-
drated using 45% sucrose solution. For immunostaining,
14 µm-thick brain slices were first blocked with Immunol
Staining Blocking Buffe (Beyotime, China) for 15 minutes
at 37◦C and then incubated with primary antibody (anti-
NeuN, anti-MAP-2) diluted in Primary Antibody Dilution
Buffer (Beyotime) overnight at 4◦C. Secondary antibody
(1:300 dilution) was incubated for 2 hours at 37◦C. TUNEL
staining kit was used to measure neuronal apoptosis in
CA1 and CA3 of hippocampus according to the man-
ufacturer’s instructions (In Situ Cell Death Detection
Kit, Roche). All image was captured by using Olympus
laser confocal microscope and fluorescence intensity or
area fraction of positive staining was quantified by using
ImageJ.

2.7 Oxidative stress evaluation

Mice were sacrificed by cervical dislocation. Brain was
quickly extracted in ice and cut into 50-µm-thick sec-
tions using vibratome. Slices were incubated at 37◦C in
the dark with DHE (10 µM) or MitoSOX Red (5 µM) in
ACSF for 45 minutes. Nuclei were visualized by incu-
bated with DAPI solution for 30 minutes at 37◦C. Images
were acquired using an inverted fluorescence microscope
and NIS-Elements 3.0 software (Nikon Instruments) was
used to analyze the fluorescence intensity. The malondi-
aldehyde (MDA) level and superoxide dismutase (SOD)
activity in hippocampal homogenates were measured
using the MDA and SOD kits (Beyotime).

2.8 ELISA

Animals were sacrificed and brain was quickly harvested.
Then, hippocampus was extracted by using dissecting
microscope and weighted and homogenized in liquid
nitrogen. The contents of serotonin (5-HT), dopamine
(DA), norepinephrine (NA), and gamma-aminobutyric
acid (GABA) in tissue homogenates were quantitatively
measured by ELISA according to the manufacturer’s
instructions (FineTest, China).

2.9 Cell culture and treatment

PC12 cell lines were purchased from Procell and were cul-
tured in 1640 medium supplemented with 10% FBS, 5%
horse serum, and 100 µg/mL streptomycin/penicillin. PC12
cells were divided into NG group (5.6 mM) and HG group
(25 mM) according to the d-glucose concentration in the
medium. To mimic the effect of RH in vitro, cells from
NG or HG group received three times of low-glucose (LG)
treatment (LG, 3.0 mM, 12 hours per times), and defined
as“NG+LG”or“HG+LG”group. During the period of LG
treatment, hyperforin (5 µM, H5160; Sigma), Compound C
(10 µM,MCE), AICAR (1mM,MCE), or BAPTA-AM (2 µM,
MCE) was added separately according to the experimental
target. After finishing the last LG treatment, cellswere con-
tinued cultured in normal or high-glucose medium for 4
hours and then harvested for WB test or intracellular Ca2+
measurement test.
Recombinant lentivirus (pLenti-EF1a-PuroR-CMV-

TRPC6-eGFP-3xFlag), purchased from Taitool Bioscience
Technology (Shanghai, China), was used for TRPC6
overexpression. si-LKB1 or si-CaMKK2 was used to
downregulate the expression of LKB1 or CaMKK2.

2.10 Primary hippocampal neuron
culture

Primary mouse hippocampal neurons were extracted from
newbornWT or TRPC6−/−mice as previously described.34
Briefly, hippocampus was quickly dissected and single-
cell suspension was made by using Primary Neuron
Isolation Kit (88280; Invitrogen). Neurons were plated
on collagen and poly-d-lysine-coated dish (coring) and
cultured in neurobasal media supplemented with B27 and
l-glutamine (Gibco/Thermo Fisher Scientific). Cytosine
arabinoside (Sigma, 5 µM) was used to inhibit the pro-
liferation of glial cells 3 days after plating. Thereafter,
one-third of the mediumwas replaced with fresh neuronal
maintenance medium every 4 days. About 21 day after
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plating, neurons were harvested for intracellular Ca2+
measurement.

2.11 Mitochondria isolation

To assess the mitochondrial respiratory function, we
extracted the mitochondria using Tissue Mitochon-
dria Isolation Kit (Beyotime) as previously reported.35
Specifically, mice were sacrificed, and hippocampus was
quickly dissected with a microscope. Then, the tissue was
homogenized with a Dounce type glass homogenizer. The
homogenates were centrifuged at 1200 g for 10 minutes
followed by centrifuging at 3500 g for 10 minutes, and the
remnants were collected.

2.12 High-resolution respirometry and
ATP determination

The mitochondrial respiratory function was determined
using theOxygraph-2k (Oroboros Instruments, Innsbruck,
Austria) with a designed substrate-uncoupler-inhibitor
titrations (SUIT) protocols.35 Briefly, glutamate (10 mM)
and malate (2.5 mM) were used to measure the respiratory
leak state of complex I (CI Leak). The oxidative phospho-
rylation of complex I (CI OXPHOS) was then mea-
sured by titrating of ADP (10 mM). Succinate (1.0 mM)
was subsequently titrated to confirm maximal OXPHOS
capacity. FCCP was then administrated to obtained the
maximal uncoupled respiratory capacity of the electron
transfer system (ETS, CI+II ETS). The capacity of Com-
plex II ETS (CII ETS) was determined by the addition of
rotenone (0.5 µM). Residual oxygen consumption was last
evaluated by antimycin A (Ama, 1.0 µM). ATP level in
brain was determined using the Enhanced ATP Assay Kit
(Beyotime).

2.13 Transmission electron microscope
examination

The morphology of mitochondria was assessed by using
a transmission electron microscope (TEM). Small frag-
ments of the hippocampus (CA1 region, 1 mm3) were
fixed with 3% (v/v) buffered glutaraldehyde, followed
by 1% (v/v) osmium tetroxide. After being dehydrated,
three to five sections per sample were examined under
TEM. Images of each section were obtained, thus yielding
80-120 mitochondria per sample for morphometry assay
analysis.

2.14 Intracellular free Ca2+
measurement

Cells were loaded with Ca2+ indicator (Fura 2-AM, 2 µM;
Invitrogen) and 0.02% Pluronic F-127 in the dark for 60
minutes. Then, cells were washed three times and sus-
pended. Fluorescence intensity was calculated using a flu-
orescent plate reader with emission wavelength at 510 nm
and excitation wavelengths of 340 and 380 nm. After the
baseline measurement (25s for Ca2+ measurement), CaCl2
(1 mM) and/or hyperforin (10 µM; Sigma) and/or SAR7334
(100 nM) and/or Ruthenium red (10 µM) were added
immediately and followed by 50s continuous Ca2+ mea-
surement. The changes in intracellular calcium [Ca2+]c
were calculated as the ratios of fluorescence intensity at
340 and 380 nm.36

2.15 Real-time PCR

RNAwas extracted with TRIzol (Invitrogen) and cDNAM-
MuLV Reverse Transcriptase was used to produce cDNA
(New England Biolabs). QuantiTect SYBR Green RT-PCR
Kit (QIAGEN) was used for the amplification according to
the three-step protocol as described by themanufacturer.37
The fluorescence curves were analyzed with LightCycler
96 software.

2.16 Western blot

Samples were homogenized in buffer containing 0.5mol/L
Tris, 1% NP40, 1% Triton X-100, 1 g/L sodium dodecyl sul-
fate, 1.5 mol/L NaCl, 0.2 mol/L EDTA, 0.01 mol/L EGTA,
and protease inhibitor and/or phosphatase inhibitor
(Roche). These samples were sonicated and centrifuged
at 12 000 g for 20 minutes at 4◦C. The supernatant was
collected and the protein concentration was determined
by the Bradford method and then 50 µg protein was loaded
on 10% SDS polyacrylamide gel.38 Ponceau S solution
was used to showed total protein. The primary antibodies
were used, including anti-TRPC1 (ACC-010, 120 kDa),
anti-TRPC3 (ACC-016, 100 kDa), anti-TRPC4 (ACC-018,
97 kDa), anti-TRPC5 (ACC-020, 100 kDa), anti-TRPC6 anti-
body (ACC-017, 110 kDa), anti-TRPC7 antibody (ACC-066,
95 kDa), anti-TRPV1 (ACC-030, 90 kDa), and anti-TRPV4
(ACC-034, 100 kDa) fromAlomone; anti-LKB1 (PA5-96062,
48 kDa), anti-phospho-CaMMK2 (PA5-105225, 65 kDa),
and anti-phospho-DRP1 (S616, PA5-64821, predicted to
react with Ser585 in rats and Ser600 in mice, 83 kDa)
antibodies from Invitrogen; anti-CaMKK2 (ab135979,
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65 kDa), anti-Drp1 (ab184247, 83 kDa), anti-phospho-DRP1
(S637, ab193216, predicted to react with Ser656 in rats and
Ser616 in mice, 83 kDa), anti-PSD95 (ab238135, 80 kDa),
anti-Synapsin I (ab254349, 74 kDa), and anti-SYP (ab32127,
34 kDa) antibodies from Abcam; anti-AMPKα (2532S,
62 kDa) and anti-phospho-AMPKα (Thr172, 2535S, 62 kDa)
antibodies from CST, followed by incubation with the
secondary antibodies (ZSGB-BIO). Protein expression was
normalized to GAPDH or total protein.

2.17 Clinical study

All patients were provided with written and informed
consent prior to inclusion in the study. To examine the
effect of RH on cognitive function in diabetes patients,
we recruited 16 type 2 diabetic (T2DM) patients with RH,
22 T2DM patients, and 18 age-matched participants from
Hospital between January 2018 and June 2019. A T2DM
patient with at least three hypoglycemic events per week
or total more than six hypoglycemic events within 2 weeks
was considered to have RH. A hypoglycemia event was
defined as blood glucose lowring than 3.9 mmol/l and
sustained more than 30 min. The hypoglycemic events
were detected by using the FreeStyle Libre Pro System
that records up to 2 weeks of continuous glucose data.
Those diabetic patients had received training for using
the system from professional staff before recording. The
characteristics of the participants are shown in Table
S1. The cognition of subjects was assessed by using
scales, including Rey Auditory Verbal Learning (RAVL),
Long Delay Free Recall (LDFR), Recognitive Verbal
Learning (RVL), Memory and Execution Screening-Total
(MES-T), Memory and Execution Screening-Memory
(MES-M), and Memory and Execution Screening-
Execution (MEX-E).
Eight T2DM patients with RH, 18 T2DM patients with-

out, and 14 age-matched participants from above subjects
provided their blood. The whole blood cells of each partici-
pant were collected in two EDTA tubes. One month before
blood samples were collected, and the participants had
not used any drugs other than insulin. White blood cells
were extracted according to the following protocol. Whole
blood samples were centrifuged at 500 g for 5 minutes and
the supernatant was discarded. Then, a 10-fold volume
of ACK lysis buffer (Beyotime) was added for 5 minutes
and centrifuged at 500 g for 5 minutes, and the super-
natant was discarded. The pellet was washed two times
with PBS. One of the sample was immediately stored at
−80◦C for TRPC mRNA quantitative analysis, and the
other was used to measure TRPC6-mediated intracellular
Ca2+ uptake with hyperforin (Sigma) according to Xiong’s
method.36

2.18 Statistical analysis

In animal experiments, data are expressed as the mean ±
SEM. Statistical differences between groups were assessed
by Student’s t-test and one-way or two-way analysis of vari-
ancewith Bonferroni’smultiple comparison post hoc tests,
as appropriate. In clinical study, results were presented
as the mean ± SD. Baseline characteristics of the sub-
jects were compared using the χ2 test for categorical vari-
ables and the two-sample t-test for continuous variables.
All analyses were conducted using SPSS 17.0, or Graph-
Pad Prism software, version 6.0 (GraphPad Software). Two-
sided P values less than .05 were regarded to be statistically
significant.

2.19 Study approval

All animal experiments were conducted in accordance
with the Third Military Medical University Animal Wel-
fare Committee. Clinical study was conducted in accor-
dance with the Guide for the Clinical Investigation in
patients of the Ethics Committee in Daping Hospital.

3 RESULTS

3.1 TRPC6 is an LG-sensitive channel in
brain of diabetic mice

To investigate the direct effect of glucose on TRPC6 expres-
sion, PC12 cells were cultured inmediumwith normal glu-
cose (NG, 5.6 mM) or high glucose (25 mM) and received
three times of LG stimulation (3.0 mM, 12 hours per times,
NG+LG, HG+LG). High glucose significantly enhanced
both mRNA and protein expression levels of TRPC6; how-
ever, repeated LG stimulation lowered the expression of
TRPC6 when combined with HG treatment (Figure 1A
and B). In consistence, the response of TRPC6 expres-
sion in hippocampus of mice with type 1 diabetes mellitus
(DM) to recurrent moderate hypoglycemic (RH) episodes
was similar to that in PC12 cells. Specifically, STZ-induced
hyperglycemia significantly upregulated TRPC6 expres-
sion, whereas RH specifically inhibited TRPC6 expression
in DM mice but not in nondiabetic (ND) controls (Fig-
ure S1A and Figure 1C and D). The body weight, fasting
glucose level, and glucose tolerance were not signifi-
cantly affected by RH attack under diabetic condition
(Figure S1B-D). However, the expression of other TRPC
family members, including TRPC1, 3, 4, 5, and 7, were not
significantly affected by RH in diabetic mice (Figure 1E).
These results indicate that TRPC6 is an LG-sensitive cation
channel in brain under hyperglycemic status.
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F IGURE 1 RH specifically represses hippocampal TRPC6 channel in diabetic mice. (A) Relative TRPC6mRNA expression (n= 6) in PC12
cells cultured inmediumwith normal glucose concentration (NG, 5.6 mM) or mediumwith high glucose concentration (HG, 25 mM). NG+LG,
cells cultured in NG medium and received three times of low glucose stimulation (12 hours per times, LG, 3.0 mM); HG+LG, cells cultured
in HG medium and received three times of low glucose stimulation (12 hours per times, LG, 3.0 mM). (B) Representative Western blots of
TRPC6 protein in PC12 cells in four groups. GAPDH served as a loading control. Quantitative data were shown on the right (n= 4). (C) Relative
mRNA expression levels of TRPC6 in hippocampus from nondiabetic (ND) mice, ND mice with recurrent moderate hypoglycemia (ND-RH),
mice with STZ-induced type 1 diabetes mellitus (DM), and DM mice with RH (DM-RH) (n = 6 samples from six mice). (D) Representative
Western blots of TRPC6 in hippocampus. GAPDH served as a loading control. Quantitative results are shown on the right (n = 3 tissues from
three mice). TPRC6−/−, TRPC6 global knockout mice. (E) Relative mRNA expression levels of TRPC1, TRPC3, TRPC4, TRPC5, and TRPC7 in
hippocampus (n = 6–8 samples from four mice). *P < .05, **P < .01, ***P < .001. Statistical significance was assessed using a one-way ANOVA
or Kruskal-Wallis test

3.2 Repression of TRPC6 directly causes
neuronal loss and cognitive impairment in
diabetic mice

Next, to determine the role of TRPC6 repression on hip-
pocampal morphology, neuronal network activity, and
cognitive function, TRPC6 knockout mice with type

1 diabetes mellitus (TRPC6−/−-DM)39 were challenged
by RH (TRPC6−/−-DM-RH). Compared with DM mice,
TRPC6−/−-DMmice and DM-RHmice showed significant
decreased fluorescence intensity of NeuN (neurons) and
MAP2 (dendrites) immunostainings and increased apop-
tosis detected by TUNEL staining in the CA1 and CA3
region of hippocampus (Figure 2A and B). Consistently,
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F IGURE 2 RH causes neuronal and dendritic loss in hippocampus under diabetic condition. (A) Representative image for neuronal loss
detected byNeuN (neuron) andMAP2 (dendrite) immunostaining inCA1 region (upper) andCA3 region (lower) of hippocampus from indicated
groups. The quantitative results showed on the right (n = 6 samples from six mice). Scale bar, 50 µm. DM, type 1 diabetes mellitus; DM-RH,
DM mice with recurrent moderate hypoglycemia; TRPC6−/−-DM, TRPC6 global knockout mice with DM; TRPC6−/−-DM-RH, TRPC6−/−-DM
mice with recurrent moderate hypoglycemia episodes. (B) Representative image for neuronal apoptosis detected by TUNEL staining in CA1
and CA3 of hippocampus. Quantitative data were shown on the right (n = 6 sample from six mice). Scale bar, 50 µm. (C) Western blot for
synapse-associated proteins including PSD95, synaptophysin (SYP), and Synapsin I (Syn I) in hippocampal homogenates (n = 3 samples from
three mice). Total protein, the amount of loaded protein detected by Ponceau S. *P < .05, **P < .01. Statistical significance was assessed using a
one-way ANOVA or Kruskal-Wallis test
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F IGURE 3 TRPC6 knockout impairs neuronal activity and behavioral performances as RH in diabetic mice. (A) Representative image
showing the neuronal activity in layer 2/3 of the prefrontal cortex (PFC), assessed by in vivo two-photon imaging to continuous recording (4-
6 minutes) spontaneous somatic Ca2+ transients. Traces on the right in different colors represent the three types of neurons marked in picture.
Black, silent neurons (showing no transients over recording periods); gray, normal neurons (0-4 transients per min); red, hyperactive neurons
(>4 transients per min). The quantitative results showing the neuron activity recorded in four groups are on the right (n= 6–8 mice). (B-I) The
results of the behavioral tests, including the Morris water-maze test, Y-maze test, and open field test (n= 8–10 mice). (B, C) Escape latency and
searching strategy to find the hidden platform during platform trials of the Morris-water maze test. Tendency, the best strategy for mice to find
the platform; Edge and Random, the poor strategy used for mice to find the platform. (D, E) The numbers of passing through the annulus and
time spent in the target quadrant where the former platform located in during the probe trial of the Morris water-maze test. (F and G) Total
entries and percentage of time spent in the novel arm during the novel arm exploration trials of the Y-maze test. (H and I) Distance traveled and
rearing numbers in the open field test. The data in all the panels are expressed as the mean ± SEM. *P < .05, **P < .01. Statistical significance
was assessed using a one-way ANOVA or two-way ANOVA by Dunnett’s multiple comparisons test

synapse-associated protein expressions, including PSD-95,
SYP, and Syn1, were also decreased in hippocampus by
TRPC6 knockout and/or RH (Figure 2C).
Surprisingly, despite TRPC6 knockout and/or RH did

not significantly changed the proportion of silent neu-
rons, normal neurons, and hyperactive neurons (Figure
S2A-D), it significantly reduced the neuronal activity
of the PFC, as evidenced by the decreased frequency of
spontaneous occurring somatic Ca2+ transients detected

by in vivo two-photon Ca2+ imaging, which is similar to
the effect of RH in diabetic mice (Figure 3A). Accordingly,
knockout of TRPC6 led to serious decline in spatial learn-
ing, memory, and exploration ability of diabetic mice in
several behavioral tests, including Morris water-maze test
(Figure 3B-E), Y-maze test (Figure 3F and G), and open
field test (Figure 3H and I), to an almost equal extent to
RH group. In addition, RH failed to the further exacerbate
the above-mentioned parameters in diabetic TRPC6−/−
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mice (Figure 3A-I), suggesting that the repressed TRPC6
expression was responsible for the detrimental effect of
RH on cognitive deficits. Under nondiabetic condition, RH
showed no significant impacts on the neuronal activity
(Figure S3A-D) and performances in behavioral tests
just as it did not reduce the expression of brain TRPC6,
while TRPC6 knockout caused mild impairment of per-
formances in behavioral tests (Figure S4A-H), further
implying that repressed TRPC6 was necessary for the
RH-induced cognitive impairment. Additionally, TRPC6
gene knockout did not cause compensatory upregulation
of other TRP channels in hippocampus, including TRPC1,
TRPC3, TRPC4, TRPC5, TRPC7, TRPV1, and TRPV4
(Figure S5A and B).

3.3 Activation of TRPC6 protects
against RH-induced neuronal loss and
cognitive impairment

To further determine whether the reduction of brain
TRPC6 is causally related to RH-caused cognitive impair-
ment, diabetic mice were treated with hyperforin, the ago-
nist of TRPC6. Activation of TRPC6 by hyperforin not only
alleviated the loss of hippocampal neurons (Figure S6A-
C) and the damage of neuronal activity in DM-RH mice
(Figure 4A) but also significantly improved the behavioral
performances in behavioral tests without affecting body
weight, blood glucose, and glucose tolerance (Figure 4B-I
and Figure SE-G). Specifically, hyperforin decreased the
latency to find the hidden platform and improved search-
ing strategy used to find the platform (tendency, 31.3%
in DM-RH-Hyp vs 25.8% in DM-RH), increased number
of annulus crossings, and time spent in correct quad-
rant in the water-maze test (Figure 4B-E). In Y-maze test,
hyperforin-treated group showed a higher tendency to
explore a novel environment as determined by more total
entries and time spent to the novel arm than the control
group (Figure 4F and G). The improvement of exploratory
behavior by hyperforin was further proved by the open-
field test as evidenced by more distance traveled and rear-
ing times (Figure 4H-I). However, hyperforin was invalid
to improve neuronal loss, neuronal activity, and behavioral
performances in TRPC6−/− diabetic mice (Figure 4A-I),
indicating that the protective effect of hyperforin against
RH-induced cognitive deficits was dependent on TRPC6.
In addition, hyperforin treatment did not significantly alter
the proportion of three types of neurons in PFC inDMmice
(Figure S7A-D) and had no impact on the cognition in ND
mice ( Figure S4A-H).
As hyperforin has additional effects except TRPC6 acti-

vation, such as inhibiting synaptosomal reuptake of neu-
rotransmitter, we measured the amount of 5-HT, DA,

NA, and GABA in hippocampal homogenates. The results
showed that the levels of 5-HT, DA, NA, and GABA
were not significant changed in DM-RH and TRPC6−/−-
mice, suggesting that the cognition impairment caused
by RH may not likely related to these neurotransmitters
(Figure S8A). However, hyperforin treatment significantly
increased the levels of DA and 5-HT, and these effects
also presented in TRPC6−/− mice (Figure S8B), indicat-
ing that hyperforin exerts additional effects in a TRPC6-
independent manner.

3.4 RH causes excessive mitochondrial
fission in brain of diabetic mice via
repressing TRPC6

Asmitochondrial function plays a critical role in themain-
tenance of normal neuronal activity, we detected the activ-
ity of oxidative phosphorylation chain in isolated mito-
chondrion from the hippocampus of mice using high-
resolution respirometry. As expected, similar to RH attack,
TRPC6 knockout resulted in significant hippocampal
mitochondrial dysfunction in diabetic mice, as reflected
by the impaired mitochondrial function, including leak
respiration of CI, CI, and CII oxidative phosphorylation
capacity, and electron transfer capacity, accompanied by
decreased mitochondrial ATP synthesis (Figure 5A). Also,
RH failed to further dampen the impaired mitochon-
drial function in TRPC6−/− diabetic mice (Figure 5A).
In contrast, hyperforin or overexpression of TRPC6 sig-
nificantly alleviated RH or repeated LG-induced mito-
chondrial dysfunction and ATP synthesis in a TRPC6-
dependent manner, respectively (Figure 5B and Figure
S9A and B). Consistently, results from TEM revealed that
TRPC6 knockout and or RH caused marked mitochon-
drial swelling and fragmentation as reflected by lower-
ing of the mitochondrial length (major axes) and ratio
of length to width in the CA1 region of hippocampus,
and which were significantly improved by hyperforin
(Figure 5C and D). The hippocampal mitochondrial mor-
phology and function was not impaired by RH in nondi-
abetic mice (Figure S9C-E). Mitochondrial fragmentation
and swelling are closely associatedwith excessive oxidative
stress.40 We found thatDHEandMitoSoxRed fluorescence
intensity in hippocampus was significantly increased in
TRPC6−/−-DM mice and DM-RH mice (Figure S10A and
B), accompanied with increased MDA level and reduced
SODactivity (Figure S9E andF).Hyperforin treatment also
decreased oxidative stress level in hippocampus caused by
RH in a TRPC6-dependent manner (Figure S10C, D, G,
and H).
Analyzing the expression of some molecules related to

mitochondrial dynamics showed that TRPC6 knockout or
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F IGURE 4 Activation of TRPC6 with hyperforin alleviates RH-induced cognitive impairment in diabetic mice. (A) The frequency of
somatic Ca2+ transients in PFC of mice from the four indicated groups (n = 6–8 mice). Hyp, hyperforin; (B-E) The escape latency, searching
strategy, number of passing through the annulus, and percentage of time spent in the target quadrant (n = 8–10 mice). (F and G) Total entries
and percentage of time spent in the novel arm during the novel arm exploration trials of the Y-maze test (n = 10 mice). (H and I) Distance
traveled and rearing numbers in the open field test. The data in all the panels are expressed as the mean ± SEM. *P < .05, **P < .01. Statistical
significance was assessed using a one-way ANOVA or two-way ANOVA by Dunnett’s multiple comparisons test

RH attack significantly promoted phosphorylation of Drp1
on S616 site but reduced phosphorylation on S637 site,
implying an elevated mitochondrial fission (Figure 5E and
F). And these changes were almost erased by hyperforin.
Othermolecules, including total-Drp1 (t-Drp1),MFN1, and
MFN2, were not significantly altered (Figure 5E). These
results indicate that RH increasedmitochondrial fission in
hippocampus of diabetic mice by repressing TRPC6.

3.5 Inhibition of AMPKmediates
RH-induced excessive mitochondrial
fission by TRPC6 repression

As Drp1 phosphorylation is regulated by AMP-activated
protein kinase (AMPK), an energy sensor regulating mito-
chondrial fission,12,41,42 we detected the phosphorylation
level, the active form of the main catalytic α subunit
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F IGURE 5 RH impairs mitochondrial function and promotes excessive Drp1-mediated fission via repressing TRPC6 in diabetic mice. (A)
Summarized data for the oxygen consumption capacity of hippocampalmitochondriameasured by high-resolution respirometry (left) and ATP
content (right) of hippocampus from diabetic WT or TRPC6−/− mice with or without RH (n = 6 tissues from mice). CI Leak, leak respiration
of CI; CI OXPHOS, CI + CII OXPHOS, CI, and CI plus CII oxidative phosphorylation capacity; CI ETS, CI + CII ETS, CI, and CI plus CII
electron transfer system capacity; CI ETS, CI + CII ETS, CI, and CI plus CII electron transfer system capacity. (B) Summarized data for the
oxygen consumption capacity of mitochondria (left) and ATP content (right) of hippocampal from hyperforin or vehicle-treated diabetic WT
or TRPC6−/− mice with RH (n = 6 tissues from 6 mice). (C and D) TEM images of mitochondria (indicated by yellow arrows) in the CA1
region of hippocampus. Quantitative data of mitochondrial length and ratio of length to width are shown below (n = 80–120 mitochondria
from three mice). Scale bar, 1 µm. (E, F) Western blots of MFN1, MFN2, Drp1, p-Drp1 (S616), and p-Drp1 (S637) in hippocampus homogenates
of mice. Quantitative data are shown on the right (n= 4 tissues from four mice). *P < .05, **P < .01, ***P < .01 (two-way or one-way ANOVA or
Kruskal-Wallis test)
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of AMPK in PC12 cells or mouse brain (cortex and
hippocampus). It showed that the phosphorylation of
AMPKα (Thr172) was remarkably reduced by repeated LG
stimulation or RH attack under HG or diabetic status,
respectively, but not under normal condition (Figure 6A).
Correspondingly, the phosphorylation of an upstream
regulator of AMPK, Ca2+/calmodulin-dependent protein
kinase kinase (CaMKK) 2, but not LKB1, was reduced
by TRPC6 knockout or RH attack in hippocampus of
diabetic mice, accompanied by reduced phosphorylation
of AMPKα (Figure 6B). Intervention by hyperforin also
increased the phosphorylation of AMPKα and CaMKK2
in wild-type (WT) mice receiving RH challenge but not
in TRPC6−/− mice (Figure 6C). Moreover, lentivirus-
mediated TRPC6 overexpression remarkably increased the
phosphorylation of AMPK in PC12 cells challenged by LG
stimulation, accompanied by reduced mitochondrial fis-
sion, as indicated by lower phosphorylation level on S616
but higher on S637 site of Drp1 (Figure 6D). These bene-
ficial effects of TRPC6 overexpression were almost totally
erased by treatment with compound C (CC) (Figure 6D), a
potent inhibitor of AMPK. Additionally, activating AMPK
with AICAR partially blocked the effects of repeated LG
stimulation or TRPC6 downregulation with siRNA on the
phosphorylation of Drp1 at serine 616 and serine 637 (Fig-
ure S11A and B), indicating the necessity of AMPK in the
protective effect of TRPC6 against excessive mitochondrial
fission evoked by RH.

3.6 Repression of TRPC6-mediated Ca2+
influx is responsible for AMPK inactivation

Further, to determine whether TRPC6-mediated Ca2+
influx was critical to activation of AMPK, we measured
intracellular Ca2+ level in PC12 cells by monitoring the
Fura-2 immunofluorescent signal. PC12 cells cultured in
HG medium displayed a remarkable higher and persis-
tent Ca2+ influx as reflected by increase inCa2+-stimulated
cytosolic Ca2+ elevation and store-operated Ca2+ entry,
which were not affected by LG stimulation (Figure S12A
and B). We then demonstrated that hyperforin-induced
cytosolic Ca2+ transients were TRPC6-mediated extracel-
lular Ca2+ entry. Specifically, hyperforin-induced Ca2+
influx in PC12 cells were significantly blocked by SAR7334
(an inhibitor of TRPC6) or siRNA-mediated TRPC6 knock-
down but not significantly altered by ruthenium red (Fig-
ure S12C-E). Moreover, hyperforin-induced cytosolic Ca2+
transients were completely abolished in the primary hip-
pocampal neurons from TRPC6−/− mice but not in WT
mice (Figure S12F). Repeated LG challenge induced a
significant decrease of TRPC6-mediated Ca2+ influx in
PC12 cells cultured in HG condition, but was not in NG

condition (Figure 6E). Accordingly, TRPC6 overexpression
increased the phosphorylation of CaMKK2 and AMPK
without affecting LKB1 expression, accompanied with
decreased phosphorylation on S616 (Figure 6F). However,
blocking intracellular Ca2+ by BAPTA remarkably low-
ered the phosphorylation of CaMKK2 and AMPK, result-
ing in increased phosphorylation on S616 and decreased
phosphorylation on S637 of Drp1, indicating that TRPC6-
mediated transient Ca2+ influx was critical for the recov-
ery of AMPK activity in cells receiving repeated LG stim-
ulation (Figure 6F). In addition, siRNA-mediated knock-
down of CaMKK2, but not LKB1, significantly blocked
the promotional effect of TRPC6 overexpression on acti-
vation of AMPK, leading to increased mitochondrial fis-
sion compared with si-con group (Figure 6G). These
results confirmed that repeated LG stimulation reduced
AMPK activity and enhanced mitochondrial fission by
inhibiting TRPC6-mediated Ca2+ influx. Taken together,
RH induces excessive mitochondrial fission and mito-
chondrial dysfunction in hippocampus through inhibiting
TRPC6/Ca2+/AMPK pathway, which inceases Drp1 phos-
phorylation on Ser616 and decreases it on Ser637, thus lead-
ing to neuronal death and cognitve impairment in diabetic
mice (Figure 8).

3.7 Cellular TRPC6 dysfunction is
associated with RH-caused cognitive
impairment in type 2 diabetic patients

As TRPC6 may be a probe for the early impairment of
cognition,22,43 we collected white blood cells from some
of the type 2 diabetic patients with or without RH.
The basic demographic information of these patients is
shown in Table S1. According to the statistical results
of cognitive scale (Table S2), RH is mainly related to
the memory loss of diabetic patients, but does not affect
their executive ability (Table S2), suggesting that hip-
pocampus is the most vulnerable area response to RH
episodes.
The mRNA expression level of TRPC channels in white

blood cells of fasting venous blood samples were collected
from eight type 2 diabetic patients with RH, 18 type 2
diabetes patients without RH, and 14 age-matched nor-
mal controls. We found that the mRNA expression of
TRPC6 was significantly reduced in white blood cells of
diabetic patients with RH compared with those without
RH (Figure 7A). However, other TRPC members, includ-
ing TRPC1, TRPC3, TRPC5, and TRPC7, were not affected
(Figure 7B-E). Accordingly, the white blood cells of dia-
betic patients with RH displayed a significant decrease
of TRPC6-mediated extracellular Ca2+ entry (Figure 7F).
These results suggest a close association between TRPC6
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F IGURE 6 Inhibition of AMPK by TRPC6/ CaMKK2 pathway disturbs phosphorylation of Drp1. (A) Representative Western blots of
AMPKα and p-AMPKα in PC12 cells or mouse hippocampus. The quantitative data are showed on the right (n = 3 for PC12 cells, n = 4 tissues
from four mice). (B) Representative Western blots of LKB1, CaMKK2, p-CaMKK2, AMPKα, and p-AMPKα in the hippocampus of DM mice
with or without RH. The quantitative data are shown on the right (n = 3 tissues from three mice). TRPC6−/−, TRPC6 global knockout mice.
(C) Representative Western blots of LKB1, CaMKK2, p-CaMKK2, AMPKα, and p-AMPKα in the hippocampus of hyperforin or vehicle-treated
diabetic WT or TRPC6−/−-mice with RH. The quantitative data are showed on the right (n = 3). Hyp, hyperforin. (D) The protein expression
level of AMPKα, p-AMPKα, Drp1, p-Drp1, (S616), and p-Drp1 (S637) in PC12 cells treated with CC. The statistical results are showed on the
right (n = 3). CC, AMPK inhibitor compound C (10 µM); Lv-TRPC6, TRPC6 overexpression with lentivirus; Lv-Con, the vehicle lentivirus. (E)
The hyperforin (10 µM) evoked intracellular Ca2+ influx in PC12 cells cultured. The quantitative data are showed on the right (n = 3). TRPC6-
mediated Ca2+ influx was determined by the subtraction of hyperforin- and Ca2+-induced Ca2+ influx to Ca2+-induced influx. Ca2+ (1 mM)
and/or hypforin (10 µM)was added at 25S. Ca2+, Cacl2 (1 mM); Hyp, hyperforim (10 µM). (F) The protein levels of LKB1, CaMKK2, p-CaMKK2,
AMPKα, p-AMPKα, Drp1, p-Drp1 (S616), and p-Drp1 (S637) in PC12 cells treated with BAPTA. The quantitative data are showed on the right
(n = 3). BAPTA-AM (2 µM), intracellular calcium chelating agent. (G) The protein levels of LKB1, CaMKK2, p-CaMKK2, AMPKα, p-AMPKα,
Drp1, p-Drp1 (S616) and p-Drp1 (S637) in PC12 cells with LKB1 or CaMKK2 silence by siRNA (n = 3). siCon, control siRNA. GAPDH served as
a loading control. *P < 0.05, **P < 0.01 and ***P < 0.01. Statistical significance was assessed using a onexs-way ANOVA followed by Dunnett’s
multiple comparisons test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test
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F IGURE 7 RH specifically reduces TRPC6 expression in the white blood cells from diabetic patients. (A) Relative mRNA expression of
TRPC6 in human blood white blood cells from normal subject (n= 14 samples from 14 patients), type 2 diabetic patients without hypoglycemia
episodes (T2DM, n = 18 samples from 18 patients) or diabetic patients with RH (T2DM-RH, n = 8 samples from eight patients). (B-E) Relative
mRNA expression of TRPC1, TRPC3, TRPC5, and TRPC7 in human white blood cells. (F-I) Representative image showed Ca2+ influx in white
blood cells from a normal subject (F), a T2DM patient without RH (G), and a T2DM patient with RH and quantitative data are shown on the
right (I). Ca2+ (1 mM, Cacl2) and/or hyperforin (Hyp, 10 µM) was added at the point 25S; *P < 0.01, **P < 0.01, and ***P < 0.001. Statistical
significance was assessed using Kruskal-Wallis test followed by Dunn’s multiple comparisons test

expression reduction and cognitive dysfunction in diabetic
patients with RH.

4 DISCUSSION

Diabetes is one of the major risk factors for dementia.
Delaying the appearance of dementia phenotype can
significantly reduce the burden of family and society.
The determinants of the accelerated cognitive decline in

diabetes, however, are less clearly recognized because
diabetes is also a complex syndrome including multiple
pathophysiological changes, such as chronic hyper-
glycemia, treatment-induced recurrent hypoglycemia,
insulin resistance, oxidative, mitochondrial dysfunction,
and so on. As a major detrimental factor in hypoglycemic
therapy for both T1DM and T2DM, recurrent moder-
ate hypoglycemia (RH) is difficult to avoid in clinical
practice. Despite RH has been reported to prevent age-
related decline in hippocampally cognitive function in
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F IGURE 8 The mechanism diagram for the cognitive impairment by RH. Recurrent hypoglycemia reduces TRPC6-mediated transient
Ca2+ intake, which induces excessive mitochondrial fission and mitochondrial dysfunction through increasing AMPK-dependent DRP1 phos-
phorylation on Ser616 and reducing it on Ser637, leading to neuronal death and cognitive impairment in diabetic mice. Treatment with hyper-
forin represses cognitive impairment in diabetic mice undergoing recurrent hypoglycemia by activating TRPC6

nondiabetic rats,44 it exerts significant detrimental effects
on cognition under diabetic condition and the mechanism
remains unclear.13,45–48 Here, we provide experimental
and clinical evidence to identify TRPC6 as a potential
intervention target for RH-induced cognitive impairment
in diabetic patients. We found that the repressed TRPC6 is
related to the cognitive impairment caused by RH, and the
absence of TRPC6 directly led to cognitive dysfunction in
STZ-induced type 1 diabetic mice. The activation of TRPC6
by hyperforin significantly improved RH-induced cogni-
tive impairment and mitochondrial dysfunction and these
favorable impacts were absent in TRPC6 knockout mice.
The study also revealed that TRPC6-mediated transient
Ca2+ intake blocked RH-induced excessive mitochondrial
fission by activating AMPK. Finally, clinical data prove
that TRPC6 dysfunction is associated with cognitive
impairment in type 2 diabetic patients.
Transient receptor potential canonical (TRPC) chan-

nels are highly distributed in the cerebral cortex,
hippocampus, cerebellum, and amygdala, where they

regulate diverse neuronal and glial cell functions.49,50
Previous studies confirmed that TRPC6 plays critical
role in maintenance of neuronal activity and synaptic
plasticity.51,52 In addition, TRPC6 exerts potent neuronal
protective effects against Aβ production and alleviates
structural and behavioral impairment in APP/PS1 mice.23
However, the exact role of TRPC6 in diabetic neurological
damage has not been elucidated. Previous study reported
that high glucose specifically increases TRPC6 expression
in podocytes, while TRPC1 and TRPC5 were unaltered.28
In particular, glucose enhances TRPC6 promoter activity
in a concentration-dependent manner.28 In endothelial
cells, however, high glucose significantly increased TRPC1
expression without affecting other TRPC channels.53 In
brain, TRPC6 expression was reduced in a rat model of
stroke. Our and other’s results indicate that expression of
TRPC6 showed high sensitivity to glucose concentration
in kidney and brain but not in endothelial cells, suggesting
that there are differences in TRPC6 regulation by glucose.
Unfortunately, we currently lack a clear understanding
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of TRPC6 regulation by glucose despite MAPK, ERK,
JNK, NF-kB, and calcineurin/NFAT pathways have
been reported to participate in this process.54,55 TRPC6
knockout directly led to cognitive impairment in diabetic
mice to an extent similar to RH and RH failed to further
impair cognitive function in TRPC6−/− diabetic mice.
Additionally, we confirmed that the expression of TRPC6
in white blood cells of diabetic patients with RH is lower
than those without it and the expression of other TRPC
channel were not significantly changed, but whether
a consistent phenomenon could appear in neurons of
diabetic patients remains uncertainly. Consistently, Lu
et al also reported that TRPC6mRNA levels in white blood
cells are reduced in patients with AD and mild cognitive
impairment.22 Thus, TRPC6 dysfunction might be a
major step for cognitive impairment in diabetic patients
with RH.
Moreover, activation of TRPC6 by hyperforin remark-

ably recovered cognitive function in diabetic mice experi-
enced RH attack, implying that TRPC6 acts as a guardian
protecting against RH-induced cognitive impairment. It
is known that hyperforin has other actions besides acti-
vating TRPC6, such as modulating of neurotransmitter,
intracellular PH, upregulation of metabolizing enzymes of
the cytochrome P450 family and BDNF expression, and so
on.56,57 Inhibition of synaptosomal re-uptake of numerous
neurotransmitters, such as 5-HT, DA, NA, and GABA, is
proved to be the potential mechanism for the antidepres-
sant effects of hyperforin, which seems to be related to an
elevation in intracellular Na+ concentration.56,58 Thus, we
have measured the levels of several neurotransmitters in
the hippocampus by ELISA. As shown in Figure S8, levels
of 5-HT, DA, NA, and GABA were not significant changed
in DM-RH mice and TRPC6−/−-mice, suggesting that the
cognition impairment caused by RHmay not likely related
to these neurotransmitters. However, hyperforin treatment
significantly increased the level of DA and 5-HT, and these
improvement effects also presented in TRPC6−/− mice.
These results suggest that hyperforin exerts additional
neuronal effects in a TRPC6-independent manner. Addi-
tionally, in this study, we found that RH and/or TRPC6
knockout caused cognitive impairments under diabetic
condition, and the cognitive improvement effect of hyper-
forinwas absent in TRPC6−/−mice, indicating that TRPC6
repression by RH is critical for the cognitive impairment in
diabetes. Therefore, TRPC6 is essential for the beneficial
effect of hyperforin on RH-caused cognitive impairment
despite hyperforin also has other protective effects unre-
lated to TRPC6. It is alsoworth noting that TPRC6has been
reported to promote cardiac hypertrophy and progression
of diabetic kidney disease through increasing Ca2+ entry
as well as membrane depolarization.59–61 Thus, the heart
and kidney function in diabetic patients should be care-

fullymonitoredwhenusing hyperforin to protect their cog-
nitive function clinically.
Mitochondria are essential for survival and excitabil-

ity maintenance of neurons due to their limited
glycolytic capacity.7,62 Mitochondria in brain undergo
fission or fusion process to maintain a normal morphol-
ogy in response to metabolic stress such as ageing and
diabetes. A recent work determined the critical role of
hippocampus mitochondrial fission in the detrimental
effect of RH on cognitive function in diabetic mice.13 Here,
we demonstrated that the beneficial effect of hyperforin
on RH-induced mitochondrial dysfunction and structural
damage was also relied on TRPC6 activation, further
demonstrating that RH promoted hippocampus mito-
chondrial fission and cognitive impairment in diabetic
mice by repressing TRPC6.
AMPK served as a regulator of mitochondrial fission

through directly regulating Drp1 phosphorylation tomain-
tain overall energetic homeostasis in response to energy
stress.41,42,63 Although activation of AMPK is reported to
promote fission by regulating phosphorylation of mito-
chondrial fission factor (MFF) under normal condition,63
it also inhibits mitochondrial fission via regulation of Drp1
expression or phosphorylation under high glucose stim-
ulation or diabetic condition.42,64 Thus, different disease
models or cell type seems to have different impacts on
AMPK-Drp1 cascade. In this study, we confirmed that the
reduced AMPK activity was critical to RH-induced mito-
chondrial fission in the hippocampus of diabetic mice
through impacting Drp1 phosphorylation. The AMPK
activation by Ca2+ showed a biphasic feature, as the inter-
mittent transient Ca2+ oscillation boosts AMPK activa-
tion by stimulating CaMKK2 phosphorylation, whereas
sustained calcium overload decreases AMPK activity.65
In this study, high glucose induced permanent cytosolic
Ca2+ uptake in PC12 cells, accompanied with decreased
AMPK activity. A recent study supports that activation of
AMPK not only requires a relatively lower energy status,
but also relies on TRP channel-mediated cytosolic Ca2+
elevation,66 indicating that TRP channels plays important
role in regulation of AMPK activation. Here, we found
that RH or repeated LG stimulation significantly reduced
TRPC6-mediated cytosolic Ca2+ influx, and thus further
reduced AMPK activity. On the other hand, the improve-
ment effect of TRPC6 overexpression on mitochondrial
function was also relied on AMPK activation.
In summary, this study identifies TRPC6 as a previously

unrecognized sensor in response to hypoglycemia in
brain under diabetic condition. TRPC6 knockout showed
similar detrimental effects on cortical neuron activity
and cognitive function as RH, which was due to the
disturbance of hippocampal mitochondrial morphology
and function through inhibition of TRPC6/AMPK/Drp1
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pathway. TRPC6 might be a promising target for the pre-
vention and treatment of hypoglycemia-related cognitive
impairment in diabetic patients.
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