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A B S T R A C T

Background: Diabetic peripheral neuropathy (DPN) is a common complication of diabetes severely afflict-
ing the patients, while there is yet no effective medication against this disease. As Kv2.1 channel func-
tions potently in regulating neurological disorders, the present work was to investigate the regulation of
Kv2.1 channel against DPN-like pathology of DPN model mice by using selective Kv2.1 inhibitor SP6616
(ethyl 5-(3-ethoxy-4-methoxyphenyl)-2-(4-hydroxy-3-methoxybenzylidene)-7-methyl-3-oxo-2,3-dihydro-5H-
[1,3]thiazolo[3,2-a]pyrimidine-6-carboxylate) as a probe.
Methods: STZ-induced type 1 diabetic mice with DPN (STZ mice) were defined at 12 weeks of age (4 weeks
after STZ injection) through behavioral tests, and db/db (BKS Cg-m+/+Leprdb/J) type 2 diabetic mice with DPN
(db/db mice) were at 18 weeks of age. SP6616 was administered daily via intraperitoneal injection for
4 weeks. The mechanisms underlying the amelioration of SP6616 on DPN-like pathology were investigated
by RT-PCR, western blot and immunohistochemistry technical approaches against diabetic mice, and verified
against the STZ mice with Kv2.1 knockdown in dorsal root ganglion (DRG) tissue by injection of adeno associ-
ated virus AAV9-Kv2.1-RNAi. Amelioration of SP6616 on the pathological behaviors of diabetic mice was
assessed against tactile allodynia, thermal sensitivity and motor nerve conduction velocity (MNCV).
Findings: SP6616 treatment effectively ameliorated the threshold of mechanical stimuli, thermal sensitivity
and MNCV of diabetic mice. Mechanism research results indicated that SP6616 suppressed Kv2.1 expression,
increased the number of intraepidermal nerve fibers (IENFs), improved peripheral nerve structure and vascu-
lar function in DRG tissue. In addition, SP6616 improved mitochondrial dysfunction through Kv2.1/CaMKKb/
AMPK/PGC-1a pathway, repressed inflammatory response by inhibiting Kv2.1/NF-kB signaling and allevi-
ated apoptosis of DRG neuron through Kv2.1-mediated regulation of Bcl-2 family proteins and Caspase-3 in
diabetic mice.
Interpretation: Our work has highly supported the beneficial of Kv2.1 inhibition in ameliorating DPN-like
pathology and highlighted the potential of SP6616 in the treatment of DPN.
Funding: Please see funding sources.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Diabetic peripheral neuropathy (DPN) is a common complication
of diabetes affecting more than two-thirds of diabetic patients [1, 2].
Clinical features of DPN include a series of peripheral nerve structural
changes such as axonal degeneration, intraepithelial nerve fiber loss,
segmental demyelination and microangiopathy [3�6]. DPN patho-
genesis is very complicated involving multiple risk factors, including
oxidative stress, mitochondrial dysfunction, neuroinflammation and
neuronal apoptosis [7, 8]. Unfortunately, the current clinic treatments
are lack of specificity and hard to achieve the desired therapeutic
effects [9]. Thus, it is imperative to design efficient medications
against DPN based on new therapeutic strategies and targets.

Voltage gated potassium (Kv) channel is tightly implicated in var-
ied physiological functions of cells such as neuronal discharge pattern
regulation, synaptic integration, action potential shape and neuro-
transmitter release [10]. Abnormal structure or dysfunction of Kv
channel can cause various diseases, like neurodegenerative [11] and
metabolic diseases [12]. Kv channel is classified by 12 subfamilies,
and Kv2 channel family mainly has two members Kv2.1 and Kv2.2. In
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Research in context

Evidence before this study

DPN is highly accompanied with abnormal sensory disorders
and peripheral nerve structural changes, and its pathogenesis is
tightly related to mitochondrial dysfunction, inflammation and
apoptosis. Kv2.1 channel is expressed in dorsal root ganglion
(DRG) neuron and participates in the regulation of sensory neu-
ron excitability, afferent myelin and neurological disorders. It is
thus suggested that Kv2.1 channel should function potently in
the regulation of DPN pathology and Kv2.1 inhibition may
exhibit beneficial in DPN treatment.

Added value of this study

We reported that small molecular compound SP6616 as an
inhibitor of Kv2.1 channel efficiently ameliorated DPN-like
pathology in both STZ-induced type 1 (STZ) and db/db type 2
diabetic (db/db) mice. The underlying mechanisms have been
intensively investigated by assay against STZ mice with Kv2.1
knockdown in DRG tissue injected with adeno associated virus
AAV9-Kv2.1-RNAi. SP6616 treatment promoted neurite growth
of DRG neuron by inhibiting Kv2.1 channel, improved mito-
chondrial dysfunction through Kv2.1/CaMKKb/AMPK/PGC-1a
pathway, suppressed inflammation by inhibiting Kv2.1/NF-kB
signaling and alleviated apoptosis of DRG neuron through
Kv2.1-mediated regulation against Bcl-2 family proteins and
Caspase-3 in diabetic mice.

Implications of all the available evidence

There is currently lack of effective target or strategy for drug
design against DPN. Our findings have provided new evidence
that Kv2.1 inhibition may function potently in the amelioration
of DPN pathology and highlighted the potential of SP6616 as a
Kv2.1 inhibitor in the treatment of this disease.
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structure, Kv2.1 is composed by four a subunits, four potassium
selective channels and b subunits. Kv2.1 as a major member of Kv2
family possesses 65-80% of the total Kv currents.

Kv2.1 channel is highly expressed in rodent dorsal root ganglion
(DRG) neuron and implicated in the regulation of sensory neuron
excitability, afferent myelin and neurological disorders including neu-
ropathic pain and epilepsy [13, 14]. In late period, clinical manifesta-
tion of DPN is characterized by loss of sensation and hypoalgesia.
Kv2.1 dysfunction exists in chronic pain conditions [15]. Demyelin-
ation of DRG neuron is one of the most obviously pathological features
of DPN and damaged myelin blocks the conduction of action potential
on axons [16, 17], while blockage of Kv channel has been reported to
improve axonal conduction [18]. Notably, AMPK/PGC-1a signaling
plays a potent role in the regulation of mitochondrial function that is
tightly involved in energy metabolism of DPN [19, 20], and AMPK acti-
vation relies on the phosphorylation of the upstream protein CaMKKb
[21], which is regulated by Kv2.1 channel through intracellular Ca2+

flux [22]. As such, Kv2.1 channel was believed to function in the regu-
lation of mitochondria-related events [23]. Moreover, Kv2.1 inhibitor
was reported to repress inflammation and apoptosis that are tightly
involved in DPN pathogenesis [24, 25]. Therefore, all the facts have
strongly suggested the potential involvement of Kv2.1 regulation in
DPN pathology.

In the current work, we determined that our previously reported
Kv2.1 inhibitor SP6616 (5-(3-ethoxy-4-methoxyphenyl)-2-(4-hydroxy-
3-methoxybenzylidene)-7-methyl-3-oxo-2,3-dihydro-5H [1,3] thiazolo
[3,2-a] pyrimidine-6-carboxylate (Fig. 1a) [26] efficiently ameliorated
peripheral neuropathy in diabetic mice. The underlying mechanisms
have been investigated by assay against the diabetic mice with in vivo
Kv2.1 knockdown in DRG tissue by injection of adeno associated virus
AAV9-Kv2.1-RNAi. Our work has supported that inhibition of Kv2.1
channel might be a promising strategy for drug discovery against DPN
and highlighted the potential of SP6616 in the treatment of this disease.
2. Materials and methods

2.1. DRG neuron cultured from adult mice

DRG neuron from adult mice was cultured by the published
approach [27]. Briefly, DRG neuron was isolated from normal or dia-
betic mice, and plated onto poly-d-L-ornithine hydrobromide and
laminin coated 12-well glass slides or 96-well plates. The neuron was
cultured in Hams F-12 medium (Gibco) with N2 supplement (Thermo
Fisher) or B27 (Thermo Fisher), 0.1 ng/ml nerve growth factor
(Sigma-Aldrich), 100 U/ml penicillin and 100 mg/ml streptomycin
(PS). In all the studies, neuron from age-matched control mice was
cultured with 10 nM insulin and 10 mM D-glucose, and neuron from
diabetic mice was cultured with 25 mM D-glucose without insulin.
2.2. Total neurite outgrowth determination

Total neurite outgrowth was determined according to the pub-
lished procedure [3, 28]. Briefly, DRG neuron extracted from mice
was plated into cell slides overnight, followed by incubation with 4%
polyformaldehyde for 15 min at room temperature. Then, it was per-
meabilized with 0.3% Triton X-100 for 5 min and washed 3 times by
PBS (pH7.4). After incubated with 3% goat serum for 1h, DRG neuron
was treated with primary antibody b-tubulin isotype Ⅲ (1:1000;
Sigma-Aldrich) overnight at 4°C, followed by incubation with second-
ary antibody Alexia Fluor 488 goat anti-Mouse IgG(H+L) (Proteintech)
for 1h at room temperature. The fluorescent images were collected by
fluorescent microscope (Leica, Germany). The total length of neurite
outgrowth was quantified by Neuron J plug-in components in ImageJ
software.
2.3. MTT assay

DRG neuron was isolated from normal mice (C57BL/6J) and plated
into 96-well plates, followed by incubation with SP6616 (2, 10mM)
for 24 h. MTT was added into 96-well plates (final concentration 500
mg/ml) and incubated with the cells for 2h at 37°C. Then, the plates
were added by 100 ml of dimethyl sulfoxide (DMSO: Sigma-Aldrich)
and shook 15 min at room temperature. The absorbance of the cells
was detected at 490 nm.
2.4. Mitochondrial function assessment

Mitochondrial respiration was evaluated by an XF96 Analyzer
(Seahorse Biosciences). In the assay, DRG neuron from mice was
seeded and cultured with Hams F-12 medium (Gibco) in specialized
96-well microplates for monitoring oxygen consumption rate (OCR)
in real time. One hour before the assay, the culture medium (Hams F-
12 medium) was changed to basal medium (unbuffered Dulbecco’s
modified Eagle’s medium (pH 7.4)) supplemented with 1 mM pyru-
vate (Gibco), 2 mM L-glutamine and 10 mM D-glucose. In the assay,
oligomycin (1 mM), carbonyl cyanide4-(trifluoromethoxy) phenylhy-
drazone (FCCP, 1 mM) and a combination of rotenone (1 mM) with
antimycin A (1 mM) were injected sequentially through ports in the
Seahorse Flux Pak cartridges to measure the oxygen consumption
rate (OCR), basal respiration, maximal respiration, ATP production
and spare respiratory capacity of DRG neuron.



Fig. 1. SP6616 treatment suppressed Kv2.1 expression in DRG tissue of diabetic mice(a) Structure of SP6616. [26] (b, c) Representative immuno-fluorescent images showing Kv2.1
expression in DRG tissue from age-matched non-diabetic mice (Control, age-matched C57BL/6 mice as control in the related assay for STZ-induced type 1 diabetic mice with DPN;
db/m, age-matched heterozygotes mice with nonpenetrant genotype as control in the related assay for db/db type 2 diabetic mice with DPN. The same hereinafter.), diabetic mice
(STZ, type 1 diabetic mice with DPN; db/db, type 2 diabetic mice with DPN) and SP6616 (20, 40 mg/kg)-treated diabetic mice (STZ + 20, 40 mg/kg; db/db + 20, 40 mg/kg) (n = 3). (d,
e) Quantification for (b, c). (f, g) Immunohistochemical results showing Kv2.1 expression in DRG tissue from control mice (Control, db/m), diabetic mice (STZ, db/db) and SP6616
(20, 40 mg/kg)-treated diabetic mice (STZ + 20, 40 mg/kg; db/db + 20, 40 mg/kg) (n = 4). (h, i) Quantification for (f, g). All the expressions were normalized to total extracellular regu-
lated protein kinase (T-ERK) level. All the values were presented as mean§ SEM. ***P< 0.001 vs Control or db/m (Student’s t-test); ##P< 0.01, ###P< 0.001 vs STZ or db/db (one-way
ANOVA with Dunnett’s post-hoc test).
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2.5. Mitochondrial membrane potential detection

DRG neuron from the mice was plated into 96-well plates for
detecting mitochondrial membrane potential (MMP) according
to the experimental instructions by JC-1 staining solution. Ratio
of fluorescence (530/590) was detected by fluorescent microplate
reader.
2.6. Real-time intracellular Ca2+ assay

DRG neuron from 8-week old C57BL/6J mice was seeded into
96-well glass plates overnight, and Fluo-4 AM (final concentration
4 mM) working solution was then added to the cells and incubated
at 37°C for 40 min, followed by incubation with HBSS at 37°C for
20-30 min.
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By considering that SP6616 (2, 10 mM) rendered no effects on cell
viability in DRG neuron by MTT assay (Fig. S1a) but exhibited activity
in increasing intracellular Ca2+ level [26], we thus selected SP6616 at
10 mM to detect Ca2+ influx in DRG neuron and at 2 and 10 mM to
verify its dose-dependent effect. Finally, SP6616 (2, 10 mM) or nifedi-
pine (20 mM) was added into the wells and assayed by FlexStation3
(USA). Data were shown by the area under the original curve (AUC).

2.7. Quantitative real-time PCR assay

Total mRNA in DRG tissue was extracted by TRIzol reagent
(TaKaRa Biotechnology Co). Reverse-PCR kit (TaKaRa Biotechnology
Co) was used to gather cDNA. RT-PCR assay was performed by SYBR
green PCR core reagent kit (TaKaRa Biotechnology Co).

PCR primer sequences were performed as follows. Kv2.1: forward,
TCGACAACACGTGCTGTGCT; reverse, GGCCAACTTCAGGATGCGC, mouse.
b-actin: forward, TCATCACTATTGGCAACGAGC; reverse, AACAGTCCGCC-
TAGAAGCAC, mouse.

2.8. Immunohistochemistry assay

The foot pad or DRG tissue of mice was made into paraffin blocks
by paraffin-embedded immunohistochemistry assay (IHC-P). Paraffin
blocks were cut into 6 mm-thick sections and stained with PGP9.5 anti-
body or Kv2.1 antibody (diluted by 3% goat serum and 0.5% Triton X-
100 for 1: 1,000) overnight. Sections were incubated with DAB (Zsbio)
for 5 min, and images were collected by fluorescencemicroscope (Leica,
Germany). Number of fiber or area of Kv2.1 protein distribution was
quantified by Image J software. Antibodies for immunohistochemistry
assay were provided in Supplementary Table 1.

2.9. Western blot and enzyme-linked immunosorbent assay

DRG tissue from mice was lysed with RIPA buffer (Beyotime)
including protease and phosphatase inhibitor cocktails (Thermo Sci-
entific). Different proteins were separated by SDS-PAGE, transferred
into nitrocellulose membrane (GE Healthcare, USA) and incubated
with skimmed milk for over 30 min. Then, primary antibodies were
incubated with nitrocellulose membrane at 4 °C overnight, followed
by incubation with secondary antibodies for 2h at room temperature.
The targeted protein bands were detected by Western ECL Substrate
(Bio-Rad, USA). Total extracellular regulated protein kinase (T-ERK)
was used as loading control instead of GAPDH due to the better sta-
bility of T-ERK in DRG tissue [3, 20, 27], and DRG tissue was pooled
by large neuron, middle neuron and small neuron. Antibodies for
western blot were provided in Supplementary Table 2.

Enzyme-linked immunosorbent assay (ELISA) was carried out by
commercial kits (Nanjing Jiancheng Bioengineering Institute) to
detect the levels of inflammatory cytokines TNF-a, IL-1b and IL-6,
hormone levels of adrenocorticotropic hormone (ACTH) and cortico-
sterone (CORT), cardiac lesion indexes cardiac troponin-T (cTn-T) and
cardiac troponin-I (cTn-I) in the serum of mice. Insulin level in the
serum of diabetic mice was detected by insulin commercial kit
(Merck) and read by absorbance at 450 and 590 nm.

2.10. Biochemical index assessment

Levels of creatinine and urea nitrogen in the serum of diabetic
mice were detected by commercial kits (Nanjing Jiancheng Bioengi-
neering Institute). ALT and AST levels were evaluated by biochemical
analyses (Model AU-480; Beckman Coulter, Fullerton, CA, USA).

2.11. Tactile allodynia and thermal sensitivity determination

Tactile allodynia determination- Von Frey filaments (Ugo Basile,
Comerio VA, Italy) were used to measure tactile allodynia on hind
paw of mice as previously described [29]. Briefly, the mice stood on a
metal grid with hind paw full contact with Von Frey filaments. Mice
were provided 15 min to suit surroundings before testing. Then hind
paws were detected by diffident Von Frey filaments, and each Von
Frey filament was held for 6-8s to confirm the stimulus response. Dis-
tribution of the sciatic nerve in mid-plantar left hind paw area was
tested. A 50% paw withdrawal threshold was calculated according to
the recorded values and analyzed by GraphPad Prism7.

Thermal sensitivity determination- Thermal sensitivity of mice was
determined by thermal testing apparatus (Ugo Basile, Comerio VA,
Italy) as previously described [30]. Briefly, mice were placed on the
platform of thermal testing apparatus (Ugo Basile, Comerio VA, Italy)
and adapted to warmed glass surface at least 15 min. The paw with-
drawal latency was recorded from the onset of the irradiation (lamp
40 W, distance lamp to paw 40 mm) to the withdrawal of the hind
paw at 25°C. The paw withdrawal latency data were calculated three
times, and average withdrawal time was used for statistical analysis.
The minimum interval of each set of the hind paw was five min.

2.12. Electrophysiology test

Motor nerve conduction velocity was evaluated by the previously
published approaches [31, 32]. Briefly, mice were placed on a heated
pad in a room maintained at 25°C to ensure a constant rectal temper-
ature at 37°C. The motor nerve conduction velocity (MNCV) of the
sciatic nerve ranging from ankle to sciatic notch was measured via
bipolar electrodes with a supramaximal stimulus (3V) of 0.05 ms
duration.

2.13. Regional blood flow velocity and perfused blood vessel area
assessments

Mice were anesthetized with isoflurane (anesthesia machine,
RWD, China), and the real-time regional blood flow velocity and per-
fused blood vessel area in foot pad and sciatic nerve were detected
by Laser Speckle Contrast Imaging/LSCI (RFLSI Pro, RWD, China).

2.14. Ethics statement

All the animals were maintained in compliance with the Regula-
tions for the Administration of Affairs Concerning Experimental
Animals made by the Ministry of Science and Technology of China.
All the animal-related experiments followed the institutional ethical
guidelines on animal care of Nanjing University of Chinese Medicine
(ethics number: 201901A005).

2.15. Animals

All the animals were received humane care and raised in 12h
light-dark cycle barrier with temperature maintained around 20-25°
C. Animals were full access to sterilized food and fresh water.

Male C57BL/6J mice at 7-week age were purchased from Vital
River Laboratory Animal Technology Co (Beijing, China), and male
BKS Cg-m+/+Leprdb/J (db/db) mice at 17-week age were purchased
fromModel Animal Research Center of Nanjing University.

Type 1 diabetic mice with DPN- Type 1 diabetic mice with DPN
were obtained by the published approach [33]. Briefly, STZ (Sigma
Aldrich, 150 mg/kg) was injected once to 8-week old male C57BL/6J
mice. Type 1 diabetic mice were defined as a blood glucose level
more than 16 mmol/L (~288 mg/dl) [34] and type 1 diabetic mice
with DPN (STZ) were defined at 12 weeks of age (4 weeks after STZ
injection) through behavioral tests. Age-matched C57BL/6J mice
were used as control (Control) in STZ mice related assay.

Type2 diabetic mice with DPN- According to the literature method
[35], db/db mice aged 18 weeks could be treated as type 2 diabetic
mice with DPN (db/db). Age-matched heterozygotes mice with
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nonpenetrant genotype were used as control (db/m) in db/db mice
related assay. db/db mice belong to the highly inbred strains with a
recessive autosomal mutation locus on chromosome 4 [36] and fail to
respond to leptin receptor and produce hyperglycemia and hyperin-
sulinemia at 5-week age.

Kv2.1 knockdown in DRG tissue of STZ mice by injection of AAV9-
Kv2.1-RNAi- Specific Kv2.1 siRNA sequence (CAGAGTCTGACA-
GAACTCCTA) was purchased from QIAGEN. Adeno associated virus
AAV9-Kv2.1-RNAi and negative control vector (AAV9-NC) were pur-
chased from Shanghai Genechem Co., Ltd. After treatment of STZ for
four weeks, STZ mice were injected with AAV9-Kv2.1-RNAi (n = 36)
or AAV9-NC (n = 12) at a titer of 1.0 £ 1011 vector genomes/ml intra-
venously. After injection of AAV9-Kv2.1-RNAi or AAV9-NC for two
weeks, Kv2.1 expression in DRG tissue from mice was detected by
RT-PCR and western blot assays. The results demonstrated that the
level of Kv2.1 expression was decreased by 40% with AAV9-Kv2.1-
RNAi treatment (Fig. S2a-c; N = 3). Based on the published reports,
Kv2.1�/� mice exhibited low level of fasting blood glucose [37, 38]
and 40-60% knockdown rate of related target protein was acceptable
for in vivo assays [39�41]. Thus, a 40% knockdown rate of Kv2.1
expression in DRG tissue from the STZ mice treated with AAV9-
Kv2.1-RNAi was set up in the current work, and this kind of Kv2.1
knockdown DPN model mice was applied to use.

Additionally, we also investigated Kv2.2 level in mice. As indicated in
Fig. S2d-e, no significant difference was found for Kv2.2 expression in
DRG tissue between AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-
Kv2.1-RNAi) (n = 3) and AAV9-NC injected STZ mice (STZ+ AAV9-NC)
(n = 3).

All the results thus determined the specific Kv2.1 knockdown in
DRG tissue of STZ mice by injection of AAV9-Kv2.1-RNAi.
2.16. Animal administration

SP6616 was dissolved in physiological saline with 2% DMSO (Sigma-
Aldrich) and 8% Tween-80 (Sigma-Aldrich). In all the experiments, Con-
trol, diabetic mice (STZ, db/db) and AAV9-Kv2.1-RNAi injected STZ mice
were daily administrated with SP6616 (20, 40 mg/kg) for 4 weeks by
intraperitoneal injection. Control (n = 12) and db/m (n = 12) mice were
administrated with the same volume of vehicle buffer as that for dia-
betic mice. After 4-week administration of SP6616, mice were killed
under sodium pentobarbital (5 mg/100g) anesthesia. Experimenters
were blind to assignment of group and assessment of experimental
results, and nomice were excluded from the experiments.

Considering that STZ mice at 14-week age and db/db mice at
18-week age are old enough accompanying with hypoalgesia at late
stage of DPN and our previous work applied 50 mg/kg SP6616 daily
by intraperitoneal injection to 8-week old db/db mice [26], we thus
reduced SP6616 concentrations to 20 and 40 mg/kg in our current
experiments.

In addition, given that daily long-term intraperitoneal injection
may have impacts on animal stress/welfare [42�44], we detected the
related parameters including diet, drinking water, body weight,
blood glucose and hormone levels of adrenocorticotropic hormone
(ACTH) and corticosterone (CORT) in the serum of Control mice
(14-week old C57BL/6J mice, n = 8) and Control + Vehicle (2% DMSO
and 8% Tween-80) mice (n = 8). Vehicle was administered daily via
intraperitoneal injection for 4 weeks. As indicated in Fig. S3a-f, no
significant difference was found for any of the above-mentioned
parameters between Control and Control + Vehicle groups.
2.17. Statistical analysis

Data were expressed as mean § SEM. Two-tailed Student’s t test
was used to analyze two groups, and one-way ANOVA was used to
compare more than two groups by GraphPad Prism 7.0 Software.
Data significance analysis was performed as * P<0.05, ** P<0.01, ***
P<0.001; #P< 0.05, ##P < 0.01, ###P < 0.001; ns = no significance.
3. Results

3.1. SP6616 treatment suppressed Kv2.1 expression in DRG tissue of
diabetic mice

SP6616 was ever reported to be a selective Kv2.1 inhibitor in our
previous work [26]. It inhibited membrane potential in CHO-Kv2.1
cell by IC50 at 2.58 mM, and in CHO-Kv2.2 cell by IC50 at 13.48 mM.
Patch clamp assay also confirmed that SP6616 inhibited Kv2.1 chan-
nel by IC50 at 6.44mM.

In the current work, we investigated the level of Kv2.1 expression
in DRG tissue of diabetic mice (STZ, db/db) by western blot assay. As
indicated in Fig. 1b-e, Kv2.1 expression level of DRG tissue was
increased in diabetic mice (STZ, db/db) compared with that in control
mice (Control, db/m), and decreased in SP6616-treated diabetic mice
(STZ+SP6616, db/db+SP6616) compared with that in vehicle-treated
diabetic mice (STZ, db/db).

Next, immunohistochemistry assay was also performed to
detect Kv2.1 expression in DRG tissue of diabetic mice. In the
assay, Kv2.1 protein distribution was stained in brown. As indi-
cated in Fig. 1f-i, Kv2.1 expression level in DRG tissue was upregu-
lated from diabetic mice (STZ, db/db) compared with that from
control mice (Control, db/m), and downregulated from SP6616-
treated diabetic mice compared with that from vehicle-treated
diabetic mice (STZ, db/db).

Moreover, we investigated the mRNA levels of Kv2.1 in DRG tissue
of diabetic mice (STZ, db/db). As indicated in Fig. S4a-b, SP6616 treat-
ment suppressed Kv2.1 mRNA level. We thus tentatively proposed
that SP6616 suppressed Kv2.1 expression possibly by reducing the
transcription level of Kv2.1channel.

Finally, we also investigated Kv2.2 level in mice. As indicated in
Fig. S5a-d, no significant difference was determined for Kv2.2 expres-
sion level in DRG tissue between SP6616-treated diabetic mice
(STZ+SP6616, db/db+SP6616) and vehicle-treated diabetic mice (STZ,
db/db).

Thus, all the results demonstrated that SP6616 treatment specifi-
cally suppressed Kv2.1 expression in DRG tissue of diabetic mice.
3.2. SP6616 treatment enhanced neurite outgrowth of DRG neuron from
diabetic mice by inhibiting Kv2.1 channel

Given that axonal damage and degeneration are tightly associated
with DPN pathology [45], we inspected the potential regulation of
SP6616 treatment against the neurite outgrowth of DRG neuron from
diabetic mice by immunostaining assay. As indicated in Fig. 2a-d, the
neurite outgrowth of DRG neuron was repressed from diabetic mice
(STZ, db/db) compared with that from control mice (Control, db/m),
and enhanced from SP6616-treated diabetic mice (STZ+SP6616, db/
db+SP6616) compared with that from vehicle-treated diabetic mice
(STZ, db/db).

Notably, as indicated in Fig. 2e and f, the neurite outgrowth of
DRG neuron was obviously upregulated from AAV9-Kv2.1-RNAi
injected STZ mice (STZ+AAV9-Kv2.1-RNAi) compared with that from
AAV9-NC injected STZ mice (STZ+AAV9-NC), and no significant differ-
ence was determined in the neurite outgrowth of DRG neuron
between SP6616-treated AAV9-Kv2.1-RNAi injected STZ mice (STZ
+AAV9-Kv2.1-RNAi+SP6616) and vehicle-treated AAV9-Kv2.1-RNAi
injected STZ mice (STZ+AAV9-Kv2.1-RNAi).

Thus, all the results determined that SP6616 treatment enhanced
neurite outgrowth of DRG neuron from diabetic mice by inhibiting
Kv2.1 channel.



Fig. 2. SP6616 treatment enhanced neurite outgrowth of DRG neuron from diabetic mice by inhibiting Kv2.1 channelb-tubulin III-immunostained sensory neuron. (a, b) Neurite
outgrowth of DRG neuron from (a) Control, STZ, SP6616 (20, 40 mg/kg)-treated STZ (STZ+20, 40 mg/kg) mice (n = 4), and (b) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db
(db/db + 20, 40 mg/kg) mice (n = 4). (c, d) Quantification of the total neurite outgrowth for (a, b). (e) Neurite outgrowth of DRG neuron from Control, AAV9-negative control (AAV9-
NC) injected STZ (STZ+AAV9-NC), AAV9-Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-RNAi) and SP6616 (20, 40 mg/kg)-treated AAV9-Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-
RNAi+SP6616) mice (n = 4). (f) Quantification of the total neurite outgrowth for (e). All the values were presented as mean § SEM. ***P < 0.001 vs Control or db/m (Student’s t-test);
###P < 0.001 vs STZ or db/db (one-way ANOVA with Dunnett’s post-hoc test).
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3.3. SP6616 treatment ameliorated peripheral neuropathy of diabetic
mice by inhibiting Kv2.1 channel

As indicated in Fig. 3a-f, compared with control mice (Control, db/
m), diabetic mice (STZ, db/db) exhibited typically diabetic peripheral
neuropathy features including upregulated levels of 50% paw with-
drawal threshold and thermal response latencies, and downregulated
level of MNCV. Obviously, SP6616 treatment efficiently ameliorated
50% paw withdrawal threshold (Fig. 3a-b), thermal response latencies
(Fig. 3c-d) and MNCV (Fig. 3e-f) in diabetic mice (STZ, db/db).

As indicated in Fig. 3g-i, AAV9-Kv2.1-RNAi injected STZ mice (STZ
+AAV9-Kv2.1-RNAi) exhibited decreased levels of 50% paw with-
drawal threshold and thermal response latencies, and increased level
of MNCV compared with AAV9-NC injected STZ mice (STZ+AAV9-
NC). Notably, no significant difference was found in the regulation of
the above-mentioned behavior parameters between SP6616-treated
AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi
+SP6616) and vehicle-treated AAV9-Kv2.1-RNAi injected STZ mice
(STZ+AAV9-Kv2.1-RNAi).

In addition, by considering that our previously published report
demonstrated that SP6616 could ameliorate blood glucose homeosta-
sis in type 2 diabetic mice [26], we here also investigated the poten-
tial effect of SP6616 on the blood glucose homeostasis in mice. As
indicated in Fig. S6a-f, SP6616 treatment had no effects on body
weight or fasting blood glucose in diabetic mice (STZ, db/db) or
AAV9-Kv2.1-RNAi injected STZ mice. Also, we inspected the potential
regulation of insulin in responding to the SP6616-mediated ameliora-
tion on DPN-like pathology, but the results in Fig. S6g-h indicated
that SP6616 treatment had no effects on insulin level in diabetic mice
(STZ, db/db).

Finally, the potential regulation of SP6616 against sensory sensi-
tivity and electrophysiological activity in non-diabetic mice (Control,



Fig. 3. SP6616 treatment ameliorated peripheral neuropathy in diabetic mice by inhibiting Kv2.1 channel (a, b) SP6616 (20, 40 mg/kg) treatment ameliorated 50% mechanical
threshold in (a) STZ (n = 12) and (b) db/db mice (n = 12). (c, d) SP6616 (20, 40 mg/kg) treatment improved paw thermal response latency in (c) STZ (n = 12) and (d) db/db mice
(n = 12). (e, f) SP6616 (20, 40 mg/kg) treatment enhanced MNCV in (e) STZ (n = 12) and (f) db/dbmice (n = 12). (g, h, i) No significant difference was found in the amelioration of (g)
tactile allodynia (h) thermal sensitivity (i) MNCV between SP6616 (20, 40 mg/kg)-treated AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi+SP6616; n = 12) and vehi-
cle-treated AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi; n = 12). All the values were presented as mean § SEM. *P<0.05, **P < 0.01, ***P < 0.001 vs non-diabetic
mice (Control or db/m) (Student’s t-test); #P< 0.05, ##P < 0.01, ###P < 0.001 vs diabetic mice (STZ or db/dbmice) (one-way ANOVA with Dunnett’s post-hoc test).
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14-week old C57BL/6J) was inspected. In the assay, tactile allodynia,
thermal sensitivity, MNCV, body weight and blood glucose were
detected against the mice treated with SP6616 (20, 40 mg/kg) for 4
weeks. As shown in Fig. S7a-e, SP6616 had no impacts on any of these
parameters in nondiabetic mice.

Thus, all the results demonstrated that SP6616 treatment amelio-
rated peripheral neuropathy in diabetic mice by inhibiting Kv2.1
channel.

3.4. SP6616 treatment improved peripheral nerve structure and
vascular function in diabetic mice

Given that reduced MNCV and impaired sensory response are
accompanied with intraepithelial nerve fibers (IENF) loss in DPN pro-
gression [35, 46], we detected the number of fibers in foot pads of
diabetic mice by immunohistochemical staining assay. As shown in
Fig. 4a-c, the number of fibers in foot pads was downregulated in dia-
betic mice (STZ, db/db) compared with that in control mice (Control,
db/m), and upregulated in SP6616-treated diabetic mice (STZ
+SP6616, db/db+SP6616) compared with that in vehicle-treated dia-
betic mice (STZ, db/db).

As indicated in the published reports, vascular structural changes
are severely involved in DPN and other microvascular diseases [29]
and microvascular dysfunction induces peripheral nerve flow hypo-
perfusion that is also tightly associated with DPN [4, 47]. We thus
examined the vascular function in sciatic nerve and foot pads of mice
by detecting blood flow velocity and blood perfusion area through
Laser Speckle Contrast Imaging. As indicated in Fig. 4d-k, the blood
flow velocity and blood perfusion area were repressed in diabetic
mice (STZ, db/db) compared with those in control mice (Control, db/
m), and ameliorated in SP6616-treated diabetic mice (STZ+SP6616,
db/db+SP6616) compared with those in vehicle-treated diabetic mice
(STZ, db/db).

Thus, all results demonstrated that SP6616 improved peripheral
nerve structure and vascular function in diabetic mice.
3.5. SP6616 treatment improved mitochondrial dysfunction of DRG
neuron in diabetic mice through Kv2.1/CaMKKb/AMPK/PGC-1a pathway

SP6616 improved mitochondrial dysfunction by inhibiting Kv2.1
channel- Given that oxygen consumption rate (OCR) as a key indica-
tor assesses mitochondrial bioenergetics and metabolic functions of
cell [20, 46], the potential regulation of SP6616 treatment against
OCR was detected in DRG neuron from diabetic mice via Seahorse
Biosciences XF96 analyzer. As SP6616 at 20 mg/kg already performed
appreciably therapeutic effects (tactile allodynia, thermal sensitivity
and MNCV) on diabetic mice (Fig. 3a-f), the assay was carried out
against the sample at 20 mg/kg for experiment convenience.

The results indicated that the levels of OCR (Fig. 5a-b), basal respi-
ration (Fig. 5c-d), ATP production (Fig. 5e-f), maximum respiration
(Fig. 5g-h) and spare capacity (Fig. 5i-j) in DRG neuron were all
downregulated from diabetic mice (STZ, db/db) compared with those
from control mice (Control, db/m), and all upregulated from SP6616-
treated diabetic mice (STZ+SP6616, db/db+SP6616) compared with
those from vehicle-treated diabetic mice (STZ, db/db).



Fig. 4. SP6616 treatment increased the number of fibers in foot pads and promoted neurovascular function in diabetic micePGP9.5 antibody labeled nerve fibers and hematoxylin
labeled nucleus. (a, b) Representative images of intraepidermal nerve fiber (IENF) in hind paw plantar skin of (a) Control, STZ and SP6616 (20, 40 mg/kg)-treated STZ (STZ + 20, 40
mg/kg) mice (n = 4), and (b) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db (db/db + 20, 40 mg/kg) mice (n = 4). (c) Quantification of the number of fibers/mm in hind paw
plantar skin for (a, b). (d, e) Representative images of regional blood flow velocity and perfusion ratios in (d) sciatic nerve and (e) foot pad tissues of Control, STZ and SP6616 (20, 40
mg/kg)-treated STZ (STZ + 20, 40 mg/kg) mice (n = 4). (f, g) Quantification for (d, e). (h, i) Representative images of regional blood flow velocity and perfusion ratios in (h) sciatic
nerve and (i) foot pad tissues of db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db (db/db + 20, 40 mg/kg) mice (n = 4). (j, k) Quantification for (h, i). All the data were normalized
by blood flow velocity and perfusion ratios in sciatic nerve or foot pad tissues from Control or db/m presented as mean § SEM. Lowest blood flow was in blue and maximum blood
flow was in red. **P < 0.01, ***P < 0.001 vs Control or db/m (Student’s t-test); #P< 0.05; ##P < 0.01; ###P < 0.001 vs diabetic mice (STZ, db/db) (one-way ANOVA with Dunnett’s post-
hoc test).
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Fig. 5. SP6616 treatment improved abnormal mitochondrial respiration in DRG neuron from diabetic mice by inhibiting Kv2.1 channelOxygen consumption rate (OCR) was mea-
sured at basal level with sequential addition of oligomycin (1 mM), FCCP (1 mM) and rotenone (1 mM) with antimycin A (AA; 1 mM) to DRG neuron from Control (n = 5-6), db/m
(n = 5-6), STZ (n = 3), db/db (n = 6-8) and SP6616 (20 mg/kg)-treated STZ (STZ + 20 mg/kg, n = 6; db/db + 20 mg/kg, n = 8) mice. SP6616 (20 mg/kg) treatment enhanced (a, b) OCR,
(c, d) basal respiration, (e, f) ATP production, (g, h) maximal respiration and (i, j) spare respiratory capacity in diabetic mice. (k-o) SP6616 treatment failed to affect (k) OCR, (l) basal
respiration, (m) ATP production, (n) maximal respiration and (o) spare respiratory capacity in AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi+SP6616) (n = 4-6) by
comparing with the corresponding results in vehicle-treated AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi) (n = 6-7). Mitochondrial inner membrane potential
(MMP) level in neuron from (p) Control, STZ and SP6616 (20, 40 mg/kg)-treated STZ (STZ+20, 40 mg/kg) mice (n = 4), and (q) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db
(db/db+20, 40 mg/kg) mice (n = 3). MMP level was presented as a ratio of aggregate to monomer. Monomer indicates early apoptosis and aggregate indicates normal state. All the
values were presented as mean § SEM; *P<0.05, **P < 0.01, ***P < 0.001 vs Control or db/m (Student’s t-test); #P< 0.05; ##P < 0.01; ###P < 0.001 vs STZ or db/db (Student’s t-test).
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Notably, as indicated in Fig. 5k-o, the levels of the above-men-
tioned five parameters of DRG neuron were all upregulated from
AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi) com-
pared with those from AAV9-NC injected STZ mice (STZ+AAV9-NC),
and no significant difference was found in the level of any of the
above parameters of DRG neuron between SP6616-treated AAV9-
Kv2.1-RNAi injected diabetic mice (STZ+AAV9-Kv2.1-RNAi+SP6616)
and vehicle-treated AAV9-Kv2.1-RNAi injected diabetic mice (STZ
+AAV9-Kv2.1-RNAi).

Thus, all the results demonstrated that SP6616 improved mito-
chondrial dysfunction through inhibiting Kv2.1 channel.

SP6616 treatment ameliorated MMP level of DRG neuron from dia-
betic mice- In addition, we also detected the level of mitochondrial
membrane potential (MMP) in DRG neuron from SP6616-treated or
-untreated diabetic mice by fluorescent probe JC-1. As indicated in
Fig. 5p-q, MMP level of DRG neuron from SP6616-treated diabetic
mice (STZ+SP6616, db/db+SP6616) was upregulated compared with
that from vehicle-treated diabetic mice (STZ, db/db). These results
thereby demonstrated that SP6616 treatment ameliorated MMP level
of DRG neuron in diabetic mice.

SP6616 improved mitochondrial function by regulating Kv2.1/
CaMKKb/AMPK/PGC-1a pathway- It was noted that Kv inhibition
increased calcium flux by directly activating CaMKKb [48]. Here we
also determined that SP6616 promoted intracellular Ca2+ level by
assay with nifedipine as the known calcium channel inhibitor
(Fig. 6a-e).

As shown in Fig. 6f-i, the protein levels of CaMKKb, phosphory-
lated AMPK, phosphorylated ACC (direct substrate of AMPK) and
PGC-1a of DRG tissue were upregulated in SP6616-treated diabetic
mice (STZ+SP6616, db/db+SP6616) compared with those in vehicle-
treated diabetic mice (STZ, db/db). Notably, no significant difference
was found in any of these above-mentioned four protein levels in
DRG tissue between SP6616-treated AAV9-Kv2.1-RNAi injected STZ
mice (STZ+AAV9-Kv2.1-RNAi+SP6616) and vehicle-treated AAV9-
Kv2.1-RNAi injected STZ mice (STZ+ AAV9-Kv2.1-RNAi) (Fig. 6j-k).

Together, SP6616 improved mitochondrial function by regulating
Kv2.1/CaMKKb/AMPK/PGC-1a signaling pathway.

3.6. SP6616 treatment repressed inflammation in diabetic mice by
inhibiting Kv2.1/NF-kB signaling

SP6616 suppressed proinflammatory cytokines in the serum of dia-
betic mice- Given the tight association of inflammation with DPN
pathology [49, 50], we investigated the regulation of SP6616 treat-
ment against inflammation in diabetic mice. ELISA assay results
(Fig. 7a-f) indicated that the levels of proinflammatory cytokines
TNF-a, IL-1b and IL-6 were downregulated in the serum of SP6616-
treated diabetic mice (STZ+SP6616, db/db+SP6616) compared with
those of vehicle-treated diabetic mice (STZ, db/db).

In addition, western blot results (Fig. 7g-j) also demonstrated that
protein levels of inflammatory cytokines TNF-a and iNOS of DRG tis-
sue were both downregulated from SP6616-treated diabetic mice
(STZ+SP6616, db/db+SP6616) compared with those from vehicle-
treated diabetic mice (STZ, db/db).

SP6616 repressed inflammation of DRG neuron in diabetic mice by
regulating Kv2.1/NF-kB signaling- Since NF-kB as a nuclear transcrip-
tion factor functions potently in regulating a large number of genes
critical for regulation of inflammation including inflammatory cyto-
kines IL-6, IL-1b and TNF-a [51], we investigated the potential regu-
lation of SP6616 against NF-kB signaling in DRG neuron from mice by
immunohistochemistry assay.

As indicated in Fig. 7k-o, the intensity of red fluorescence (NF-kB)
in nuclear of DRG neuron was upregulated from diabetic mice (STZ,
db/db) compared with that from control mice (Control, db/m), and
obviously decreased from SP6616-treated diabetic mice (STZ
+SP6616, db/db+SP6616) compared with that from vehicle-treated
diabetic mice (STZ, db/db). These results thus demonstrated that
SP6616 treatment promoted NF-kB translocation from nucleus to
cytoplasm, indicative of the suppression of inflammation. Notably, no
significant difference was found for the intensity level of red fluores-
cence (NF-kB) in nuclear of DRG neuron between SP6616-treated
AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi
+SP6616) and vehicle-treated AAV9-Kv2.1-RNAi injected STZ mice
(STZ+AAV9-Kv2.1-RNAi).

In addition, considering that p-IkBa stimulates NF-kB/p65 trans-
location into nucleus [52], we also examined the potential of SP6616
in regulating p-IkBa by western blot. As indicated in Fig. 7g-j, p-IkBa
level in DRG tissue was decreased from SP6616-treated diabetic mice
(STZ+SP6616, db/db+SP6616) compared with that from vehicle-
treated diabetic mice (STZ, db/db). Notably, no significant difference
was found in the protein levels of p-IkBa, TNF-a and iNOS in DRG tis-
sue between SP6616-treated AAV9-Kv2.1-RNAi injected STZ mice
(STZ+AAV9-Kv2.1-RNAi+SP6616) and vehicle-treated AAV9-Kv2.1-
RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi) (Fig. 7p and q).

Therefore, all the data demonstrated that SP6616 treatment
inhibited inflammation of diabetic mice by regulating Kv2.1/NF-kB
signaling.
3.7. SP6616 protected peripheral neuron from apoptosis involving
regulation of Bcl-2 family proteins and Caspase-3 in diabetic mice by
inhibiting Kv2.1 channel

Kv2.1 channel is tightly linked to the regulation of potassium
homeostasis and abnormal potassium homeostasis causes sustained
outflow of potassium ions leading to disorder, dysfunction and a
series of apoptotic cascades of cells [53], which are highly associated
with DPN pathology. With these facts, we inspected the potential of
SP6616 treatment in preventing against the apoptosis of DRG neuron
from diabetic mice.

SP6616 treatment prevented DRG neuron from apoptosis in diabetic
mice - As shown in Fig. 8a-d, DRG neuron from diabetic mice (STZ, db/
db) showed increased intensity of green fluorescence (apoptotic cell)
compared with that from control mice (Control, db/m). Obviously,
DRG neuron from SP6616-treated diabetic mice (STZ+SP6616, db/db
+SP6616) exhibited decreased intensity of apoptotic cell compared
with that from vehicle-treated diabetic mice (STZ, db/db). Thus, all
results suggested that SP6616 treatment prevented against the apo-
ptosis of DRG neuron in diabetic mice.

SP6616 protected DRG neuron from apoptosis involving regulation of
Bcl-2 family proteins and Caspase-3 by inhibiting Kv2.1 channel- Given
that Bcl-2 family proteins and Caspase-3 are vital regulators of apo-
ptosis [54, 55], western blot assay was carried out against these pro-
teins in DRG tissue from mice. As indicated in Fig. 8e-j, the DRG
tissue from SP6616-treated diabetic mice (STZ+SP6616, db/db
+SP6616) exhibited decreased levels of pro-apoptotic proteins
(Cleaved-caspase 3, Bax) and increased levels of anti-apoptotic pro-
teins (Bcl-2, Bcl-xl, p-Bad) (Bad with anti-apoptotic effect after phos-
phorylation [56]) compared with that from vehicle-treated diabetic
mice (STZ, db/db). Notably, no significant difference was determined
in the regulation of pro-apoptotic or anti-apoptotic proteins of DRG
tissue between SP6616-treated AAV9-Kv2.1-RNAi injected STZ mice
(STZ+AAV9-Kv2.1-RNAi+SP6616) and vehicle-treated AAV9-Kv2.1-
RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi).

Taken together, all the results implied that SP6616 protected DRG
neuron from apoptosis involving regulation of Bcl-2 family proteins
and Caspase-3 by inhibiting Kv2.1 channel.
4. Discussion

DPN is a commonly long-term diabetic complication with compli-
cated etiology, and there is yet no effective medication to treat this



Fig. 6. SP6616 treatment promoted Kv2.1/CaMKKb/AMPK/PGC-1a pathway by inhibiting Kv2.1 channel(a, b) Fluo-4 AM assay was used to detect the effect of SP6616 on Ca2+ level
in DRG neuron from adult C57BL/6J mice. The curve represented the calcium signal value at each time point, and the baseline fluorescence signal was measured for the first 20s.
SP6616 (2, 10 mM) was added by FlexStation 3. (a) SP6616 (2, 10 mM) promoted calcium influx in HBSS buffer with Ca2+. (b) SP6616 (2, 10 mM) had no effects on calcium signal in
HBSS buffer without Ca2+. (c) The area under the curve (AUC) corresponding to (a) (n = 5). (d) AUC corresponding to (b) (n = 6). (e) The intracellular Ca2+ assay with nifedipine
(known calcium channel antagonist) was detected in HBSS buffer with Ca2+. AUC represented intracellular calcium signal (n = 4-6). (f, g) Quantitative immunoblot analysis revealed
that the expression levels of CaMKKb, p-AMPK, phosphorylated acetyl CoA carboxylase (p-ACC) and PGC-1awere reduced in STZ and db/dbmice versus Control and db/mmice, and
upregulated in SP6616 (20, 40 mg/kg)-treated diabetic mice (STZ + 20, 40 mg/kg; db/db + 20, 40 mg/kg) versus vehicle-treated diabetic mice (STZ, db/db). (h, i) Quantification of pro-
tein expression for (f) and (g). (j) SP6616 (20, 40 mg/kg) treatment had no effects on CaMKKb/AMPK/PGC-1a pathway in AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-
RNAi+SP6616) by comparing with the corresponding results in vehicle-treated AAV9-Kv2.1-RNAi injected STZ mice (STZ+AAV9-Kv2.1-RNAi) (n = 3). (k) Quantification of protein
expression for (j). All expressions were normalized to T-ERK level. All the values were presented as mean § SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs Control or db/m (Student’s t-
test); #P< 0.05, ##P < 0.01, ###P < 0.001 vs STZ or db/db (one-way ANOVA with Dunnett’s post-hoc test).

X. Zhu et al. / EBioMedicine 61 (2020) 103061 11



Fig. 7. SP6616 treatment downregulated proinflammatory cytokines involving Kv2.1/NF-kB signaling pathway by inhibiting Kv2.1 channelLevels of (a) TNF-a, (b) IL-1b and (c) IL-6
in the serum of Control (n = 3, 5, 3, respectively), STZ (n = 3, 5, 3, respectively) and SP6616 (20, 40 mg/kg)-treated STZ (STZ + 20, 40 mg/kg) mice (n = 3, 5, 3-4, respectively). Levels
of (d) TNF-a, (e) IL-1b and (f) IL-6 in the serum of db/m (n = 5, 3, 3, respectively), db/db (n = 5, 3, 3, respectively) and SP6616 (20, 40 mg/kg)-treated db/db (db/db + 20, 40 mg/kg)
mice (n = 6, 3, 3, respectively). (g, h) Quantitative immunoblot analysis revealed the expressions of p-IkBa, TNF-a and iNOS from (g) Control, STZ and SP6616 (20, 40 mg/kg)-treated
STZ (STZ+20, 40 mg/kg) mice (n = 3), and (h) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db (db/db+20, 40 mg/kg) mice (n = 3). (i, j) Quantification of protein expression for (g,
h). (k, l) Representative immuno-fluorescent images showing neuron-specific b-tubulin isotype III (neuron, green), NF-kB (NF-kB antibody, red) and Hoechst (nucleus, blue) stain-
ing in DRG sections from (k) Control, STZ and SP6616 (20, 40 mg/kg)-treated STZ (STZ+20, 40 mg/kg) mice (n = 4), and (l) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db (db/
db+20, 40 mg/kg) mice (n = 4). (m) Quantification of nucleus NF-kB fluorescence intensity for (k, l). (n) Representative immuno-fluorescent images showing neuron-specific b-tubu-
lin isotype III (neuron, green), NF-kB (NF-kB antibody, red) and Hoechst (nucleus, blue) staining in DRG sections from AAV9-NC injected STZ (STZ+AAV9-NC), AAV9-Kv2.1-RNAi
injected STZ (STZ+AAV9-Kv2.1-RNAi) and SP6616 (20, 40 mg/kg)-treated AAV9-Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-RNAi+20, 40 mg/kg) mice (n = 4). (o) Quantification of
nucleus NF-kB fluorescence intensity for (n). (p) Representative immuno-fluorescent images showing the expressions of p-IkBa, TNF-a and iNOS from AAV9-NC injected STZ (STZ
+AAV9-NC), AAV9-Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-RNAi) and SP6616 (20, 40 mg/kg)-treated AAV9-Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-RNAi+20, 40mg/kg) mice
(n = 3). (q) Quantification of protein expression for (p). All the expressions were normalized to T-ERK level in western blot assay. All the values were presented as mean § SEM; *P
< 0.05, **P < 0.01, ***P < 0.001 vs Control or db/m (Student’s t-test); #P< 0.05, ##P < 0.01, ###P < 0.001 vs STZ or db/db (one-way ANOVA with Dunnett’s post-hoc test).
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Fig. 8. SP6616 treatment protected DRG neuron from apoptosis involving regulation of Bcl-2 family proteins and Caspase-3 by inhibiting Kv2.1 channel in diabetic mice(a, b) TUNEL
assays in DRG tissue from (a) Control, STZ and SP6616 (20, 40 mg/kg)-treated STZ (STZ+20, 40 mg/kg) (n = 4), and (b) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db (db/db
+20, 40 mg/kg) mice (n = 4). Apoptotic DRG neuron was labeled with TUNEL (green fluorescence). The results demonstrated that SP6616 treatment improved neuronal survival in
diabetic mice. (c, d) Quantification of fluorescence intensity for (a, b). (e, f) Quantitative immunoblot analysis revealed the expressions of Bcl-2, Bcl-xl, Bax, p-Bad and Cleaved-cas-
pase 3 in DRG neuron from (e) Control, STZ and SP6616 (20, 40 mg/kg)-treated STZ (STZ+20, 40 mg/kg) mice (n = 3), and (f) db/m, db/db and SP6616 (20, 40 mg/kg)-treated db/db
(db/db+20, 40 mg/kg) mice (n = 3). (g, h) Quantification of protein expression for (e, f). (i) Quantitative immunoblot analysis revealed the expressions of Bcl-2, Bcl-xl, Bax, p-Bad and
Cleaved-caspase 3 in DRG neuron from AAV9-NC injected STZ (STZ+AAV9-NC), AAV9-Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-RNAi) and SP6616 (20, 40 mg/kg)-treated AAV9-
Kv2.1-RNAi injected STZ (STZ+AAV9-Kv2.1-RNAi+20, 40mg/kg) mice (n = 3). (j) Quantification of protein expression for (i). (k) SP6616 treatment ameliorated mitochondrial dys-
function, suppressed inflammation and alleviated apoptosis in DRG neuron from diabetic mice. All the expressions were normalized to T-ERK level in western blot assay. All the val-
ues were presented as mean § SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs Control or db/m (Student’s t-test); #P< 0.05, ##P < 0.01, ###P < 0.001 vs STZ or db/db (one-way ANOVA
with Dunnett’s post-hoc test).
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disease. It is full of challenges to design new type of reagents against
DPN based on new strategies and targets [9].

ATP is necessary for neurite outgrowth of DRG neuron, and
deficiency of nutrients aggravates the reduction of axon growth,
blockage of conduction, and retraction of distal nerve endings
[57]. Here, we determined that SP6616 as a Kv2.1 inhibitor effi-
ciently enhanced neurite outgrowth of DRG neuron in diabetic
mice, thus strengthening the potency of Kv2.1 channel in energy
homeostasis and the regulation of neurite outgrowth of DRG neu-
ron, further highlighting the potential of SP6616 in the treatment
of DPN.

Abnormal calcium homeostasis is tightly associated with varied
diseases, including diabetes and DPN [58, 59], and calcium release
participates in a lot of physiological events such as neurotransmitter,
hormone secretion, synaptic plasticity and mitochondrial function.
Reduced calcium signal in DRG neuron of diabetic mice induces axo-
nal nutrient deficiency and mitochondrial dysfunction that are highly
responsible for DPN etiology [59, 60]. Here, SP6616 as a Kv2.1 inhibi-
tor ameliorated mitochondrial dysfunction and ATP generation in
DRG neuron of diabetic mice by stimulating intracellular Ca2+ release
through opening the voltage-dependent Ca2+ channels (VDCCs)
and activating CaMKKb/AMPK/PGC-1a signaling. Our work has
expounded the potential mechanism underlying the amelioration of
Kv2.1 inhibition on mitochondrial function in diabetic mice by using
SP6616 as a probe.

NF-kB and inflammatory cytokines are main contributors for neu-
rovascular damage and nerve conduction velocity impairment in
DPN [61]. SP6616 was determined to repress proinflammatory cyto-
kines TNF-a, IL-1b and IL-6 through Kv2.1/NF-kB signaling in diabetic
mice. In addition, peripheral sensory neuron loss is accompanied
with the occurrence of apoptosis, which is also a major cause for DPN
[24, 62]. Here, we found that SP6616 treatment efficiently protected
against neuronal apoptosis, thereby supporting that inhibition of
Kv2.1 channel might be also a potential strategy for treating other
inflammation and apoptosis-related diseases.

Moreover, neurovascular dysfunction is tightly associated with
DPN pathology, and published results have indicated that inflamma-
tion reduction promotes the recovery of vascular function [63, 64]. In
the current work, we have also found that SP6616 effectively
improved peripheral blood perfusion and alleviated intraepithelial
nerve fibers loss. Here, we tentatively suggested that such a neuro-
vascular function improvement may result from the anti-inflamma-
tory effect of SP6616.

It was noticed that apart from DRG tissue, sciatic nerve and spinal
cord also participate in the regulation of DPN pathology. For example,
sciatic nerve involves neurovascular and peripheral nerve functions
[65�67] and spinal cord is implicated in sensory information proc-
essing [68�70]. By assay against the STZ mice injected with AAV9-
Kv2.1-RNAi, we determined that different from the case for Kv2.2
where Kv2.2 was independent of AAV9-Kv2.1-RNAi injection in any
of the three tissues of the mice (DRG, sciatic nerve and spinal cord),
Kv2.1 expression level was repressed by almost the same degree in
these three tissues (Fig. S8a-h). Thus, we proposed that amelioration
of SP6616 on DPN-like pathology in diabetic mice should benefit
from its Kv2.1 inhibition not only in DRG tissue but also other tissues
including sciatic nerve and spinal cord, although we focused on DRG
tissue research in the current work.

According to the published reports, db/db mice exhibited DPN
symptoms (in presence of hyperalgesia) at early stage [71�73]. It
was interesting to find that SP6616 exhibited no beneficial effects on
the DPN-like pathology of db/db mice aged 7-11 week with hyperal-
gesia (Fig. S9a-c; tactile allodynia, thermal sensitivity and MNCV),
although it effectively improved the DPN-like pathology of db/db
mice at late stage (aged 18-22 week) with hypoalgesia. Thus, our
results have revealed the potential of SP6616 in preventing the
occurrence of diabetic foot.
Given that Kv2.1 channel is expressed in many tissues including
renal, hepatic, cardiac, islets b cells and brain, we also inspected the
classical markers of renal (creatinine, urea nitrogen), hepatic (ALT,
AST) and cardiac function (cardiac troponin-T, cardiac troponin-I) in
the serum of mice trying to evaluate the preliminary safety of
SP6616. Our results (Fig. S10 a-l) indicated that administration of
SP6616 rendered no obviously pharmacological toxicities on mice,
although much work needs to be addressed such as structure-activity
relationship study, toxicology research and pharmacokinetics assay.

In conclusion, as summarized in the proposed schematic dia-
gram (Fig. 8k), small molecular compound SP6616 as a selective
Kv2.1 inhibitor efficiently ameliorated DPN-like pathology of dia-
betic mice. It improved mitochondrial dysfunction through Kv2.1/
CaMKKb/AMPK/PGC-1a pathway, suppressed inflammation by
inhibiting Kv2.1/NF-kB signaling and alleviated apoptosis of DRG
neuron through Kv2.1-mediated regulation of Bcl-2 family pro-
teins and Caspase-3 in diabetic mice.
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