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Abstract
Type 2 diabetes mellitus (T2DM) is worldwide epidemic, which challenges the health of the public. The
pathological hyperactivity of cyclin-dependent kinase 5 (Cdk5) contributes to the pathogenesis of T2DM. P5,
a peptide derived from the Cdk5 activator p35, shows excellent performance as a Cdk5 activity inhibitor.
However, its inhibitory effect and functional regulation on Cdk5 activity needs to be con�rmed. In this study,
we conjugated P5 with a �uorescein isothiocyanate (FITC) tag at the N-terminus and a TAT protein
transduction domain, an 11-amino acid peptide, at the C-terminus to synthesize TFP5, which was used to
inhibits Cdk5 activity. We then evaluated the e�ciency of TFP5 in treating T2DM. We demonstrated that
TFP5 effectively penetrated pancreatic β-cells, inhibited the pathological hyperactivity of Cdk5, enhanced
insulin secretion, and protected penetrated pancreatic β-cells (MIN6 cells) from apoptosis in pancreatic
tissues of db/db mice (type II diabetes mice). Furthermore, we found that TFP5 reduced in�ammation in
pancreatic islets by reducing the expression of in�ammatory cytokines, including TGF-β1, TNF-α, and IL-1β.
These data indicates that the TFP5 peptide is a promising candidate for T2DM treatment.

Impact Statement
We conjugated P5 with a Fluorescein Isothiocyanate (FITC) tag at the N-terminus and a TAT protein
transduction domain containing an eleven amino acids peptide at the C-terminus to form TFP5, to explore
the e�ciency of TFP5 as T2DM therapy. TFP5 effectively penetrated pancreatic β-cells, inhibited the
hyperactivity of Cdk5, enhanced insulin secretion, and protected pancreatic β-cells from apoptosis in
pancreatic tissues of db/db mice. TFP5 also reduced in�ammation in pancreatic islets by reducing the level
of in�ammatory cytokines, including TGF-β1, TNF-α, and IL-1β.

Introduction
Type 2 diabetes mellitus (T2DM), with incidence increasing at an alarming rate, is associated with high
morbidity and mortality and has become a global public health problem1. However, no effective strategies
for hindering the progression of T2DM have been approved. During the progression of T2DM, the de�cient
insulin secretion by pancreatic b-cells and resistance to insulin in peripheral target tissues are critical
pathological features, which are correlated with aberrant activation and dysregulation of multiple proteins.

Cyclin-dependent kinase 5 (Cdk5) is a proline-directed serine/threonine kinase that is activated by speci�c
coactivators, namely, p35 and the p39 active complex2. Recent studies have demonstrated that Cdk5
exhibits critical hyperactivity under diabetic conditions and is involved in mitochondrial dysregulation in
podocytes in diabetic nephropathy3 and Endoplasmic reticulum stress (ER) in chronic hyperglycemia4. Long
term hyperglycemia stimulates the formation of advanced glycation end products (AGEs) in the body. AGEs
and its receptors combine to produce oxidative reaction and produce a variety of oxidative stress products,
which will destroy the mitochondrial structure of the endothelial cells of both large and small vessels, as well
as in the myocardium, induce apoptosis, activate nuclear transcription factor κB signaling pathway, cause
cellular in�ammatory response5, In addition, islets β cells can also be damage in the similar manner.
Besides, oxidative stress interferes with the phosphorylation of insulin receptor and insulin receptor
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substrate, affects the activation of phosphatidylinositol 3-kinase and induces insulin resistance6. And in our
recent studies, we have demonstrated the relevance of oxidative stress level and diabetes. 

In addition, researchers have shown that aberrant Cdk5 activation can cause pancreatic b-cell failure, inhibit
differentiation and neogenesis7. More importantly, it has recently been reported that Cdk5/p35 is an
attractive candidate for disease therapy8,9. Therefore, we hypothesized that Cdk5/p35 is a novel therapeutic
target for T2DM treatment.

In our previous studies, we demonstrated that the activity of p35, which is cleaved by the calpain protease
into p25 and p10 fragments, was signi�cantly increased under pathological high-glucose conditions and
played a pivotal role in Cdk5 hyperactivation and pancreatic b-cell dysfunction10,11.Additionally, we found
that the P5 fragment of p35 (a peptide of 24 amino acid residues) shows inhibitory potential against
Cdk5/p25 pathological hyperactivity12. Then, we found that TFP5 can inhibit Cdk5/p25 activity effectively
without affecting the endogenous Cdk5/p35 or other Cdks13,14. The e�ciency of TFP5 treatment has been
demonstrated in Alzheimer’s disease and Parkinson's disease mouse models15-16. In our previous research,
we found that TFP5 could inhibit the hyperactivity of Cdk5 induced by high glucose culture, protect
pancreatic cells from apoptosis, and recover insulin secretion in MIN6 cells. However, whether TFP5 works
as the same way in vivo, such as diabetic animal models, is remained to be explored. 

In this study, we focused on determining whether TFP5 could impact insulin secretion and pancreatic β-cell
survival in both in vitro and in vivo. We designed a study which systematically illustrated the mechanism of
how TFP5 protected pancreatic β-cells from glucose toxicity by the inhibition of Cdk5 hyperactivity through
in vivo and in vitro experiments. We incubated high-glucose stressed MIN6 cells with the TFP5 peptide and
found that TFP5 effectively inhibited the pathological Cdk5 hyperactivity and the secretion of insulin was
reestablished in MIN6 cells. Similarly, puri�ed pancreatic islet cells obtained from db/db mice also showed
higher level of insulin secretion in TFP5 treated cells than that of cell treated by scramble peptide.
Furthermore, we found that the reduction in in�ammation and apoptosis was responsible for the protection
of TFP5 on MIN6 and islet cells. Together, these results indicated that TFP5 may be a therapeutic candidate
for T2DM therapy by reducing pathological Cdk5 hyperactivation.

Materials And Methods
Animals and treatment groups

All animal experiments were performed in accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. The protocols were approved by the
Animal Care and Use Committee of the National Institute of Neurological Disorders and Stroke/National
Institute on Deafness and Other Communication Disorders (NINDS/NIDCD) (protocol is ASP: 1231-11) and
the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) (protocol K058-KDB-10) in
Bethesda, Maryland. The db/db mice and C57BL/6J mice (8-weeks-old, male) were obtained from Jackson
Laboratory (Bar Harbor, ME, USA).
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12 db/db mice and 12 C57BL/6J mice were used in this study. The C57BL/6J and db/db mice (Type II
diabetes mice) were randomly assigned to 2 groups with equal size. Six mice in one group received TFP5
(C57BL/6J + TFP5, n=6), and other six mice received a scrambled peptide (C57BL/6J + SCB, n=6); similarly,
six of the db/db mice received TFP5 (db/db + TFP5, n=6) and other six mice received the scrambled peptide
(db/db + SCB, n=6). All treatments were administered by i.p. injection, and the dose and time of injection
were determined on the basis of previous research17. All mice were housed with a 12-h light/dark cycle and
had free access to standard chow diet and water18.The timeline and dosage details are shown in
Supplementary Figure S1.

Antibodies and reagents

Anti-Cdk5 (C-8) (1:1000) antibodies were obtained from Santa Cruz Biotechnology (Dallas, Texas). Anti-
cleaved Caspase-3 (Asp175) (1:1000), anti-Caspase-3 (9662) (1:1000), anti-α-tubulin (2144) (1:1000) and
anti-P35/25 (C64B10) (1:1000) antibodies were purchased from Cell Signaling Technology (Danvers, MA).
Anti-TGF-β1, anti-TNF-α, anti-IL-1β and anti-insulin antibodies (1:500-1000) were obtained from Abcam
(Cambridge, MA). Anti-β-tubulin (AC010) (1:5000) antibodies were obtained from ABclonal (Wuhan, China).
Secondary horseradish peroxidase-conjugated antibodies (1:2000) were obtained from Amersham
Biosciences (Piscataway, NJ). Secondary �uorescence-conjugated Oregon Green and Texas Red antibodies
(Molecular Probes, Eugene OR) were used after dilution at 1:400. Collagenase XI was purchased from
Sigma. A rat/mouse insulin ELISA kit was obtained from Millipore (Billerica, MA).

Design and synthesis of TFP5

TFP5 was designed and synthesized as described previously10,11. Both TFP5 and the scrambled peptide
(SCB) were synthesized by Peptide 2.0 (Chantilly, VA, USA). The TFP5 sequence was
FITCGGGKEAFWDRCLSVINLMSSKMLQINAYARAARRAARR, and the SCB sequence was
FITCGGGGGGFWDRCLSGKGKMSSKGGGINAYARAARRAARR.

Generation of recombinant adenoviruses

We used an adenoviral vector (pAdTrack-CMV) packaging system to construct the p5 forward primer,
TTTGCGGCCGCCATGGCATCAATGCAGAAGCTGATCTCAGAGGAGGACCTGATGAAGGAGGCCTTTTGGGACCG,
and the reverse primer, TTTGATATCTTAGGCATTTATCTGCAGCATCTTT. The generation of the recombinant
adenovirus was carried out as described previously10.

Cell culture and treatment

MIN6 cells (Mouse islet beta cells) were cultured in DMEM with 5 mM glucose, 1 mM sodium pyruvate and
10% fetal bovine serum (FBS) with 100U/ml penicillin G and 100 μg/ml streptomycin10. MIN6 cells from
passages 12-25 were used in experiments. Cells were seeded in 6-well plates with 0.3× 105 cells/cm2 one
day before use. Cells were infected with adenovirus-p5 separately for 24 h-48 h and then exposed to TFP5 or
SCB (500 nM) for 24 h. Then, cells were starved overnight with glucose-free medium, treated with different
concentrations of glucose (low glucose, 5 mM, and high glucose, 25 mM) and incubated at 37°C for 24 h.
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Cells were �xed for immunohistochemistry analysis or lysed for immunoprecipitation, kinase activity, and
western blot analyses.

Mouse pancreatic islet isolation and culture

Mouse pancreatic islet isolation was carried out using the method described by Li et al 19. Each pancreas
was perfused with a 3-ml injection of collagenase XI solution (1000 U/ml in 1× HBSS) via the common bile
duct. Then, the pancreas was removed, and 2 ml of collagenase XI solution was used for digestion at 37°C
for 20 min with 2-3 brief shakes of the tube by hand. Digestion was stopped when putting the tube on ice,
then added 25 ml of washing solution (1 mM CaCl2 into 1× HBSS) and centrifugated at 290 g for 30 s at
4°C. After two time’s washing, the resuspended solution was �ltered through a 7-µm nylon cell strainer, and
the isolated islets were picked up using a manually operated pipette. To allow cell recover, the hand-picked
islets (purity >95%) were cultured overnight in DMEM containing 10% FBS, 100 U/mL penicillin, and
streptomycin (HyClone) in a humidi�ed atmosphere of 5% CO2 and 95% air at 37°C and then cultured in
RPMI 1640 culture medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2 mM L-glutamine, 11
mM glucose, 10% (vol/vol) fetal calf serum, and 1% penicillin/streptomycin.

Insulin secretion test

β-cells were treated with TFP5 and SCB for 24 h and washed twice with basal Krebs-Ringer’s solution
bicarbonate HEPES buffer (5 mM glucose, 124 mM NaCl, 5.6 mM KCl, 2.5 mM CaCl2, 20 mM HEPES at pH
7.4, and 0.5% BSA). Cells were then incubated with glucose-free KRBH for overnight starvation. After the
medium was discarded, cells were incubated in either basal KRBH containing low glucose (5 mM) or KRBH
containing high glucose (25 mM) for another 2 h. The supernatant was then collected to measure the
secreted insulin. Insulin released into the supernatant and insulin remaining in cells was measured with
LINCO ELISA kits, and insulin secretion was expressed as the concentration of insulin per million cells
secreted every 2h.

Western blot analysis

Western blot analysis was performed as described previously10. Brie�y, cells were harvested by scraping and
then lysed in ice-cold lysis buffer. The protein content was determined using a BCA protein assay (Pierce,
Rockford, Illinois). An equal amount of total protein (20 mg of protein/lane) was resolved using 4-20%, 15%,
or 8% SDS-polyacrylamide gel electrophoresis and blotted onto a PVDF membrane. The membrane was
incubated in blocking buffer for 1 h at room temperature and then incubated with primary antibodies
overnight at 4°C. The membrane was then washed and incubated with goat anti-mouse or goat anti-rabbit
IgG (H+L)-HRP conjugated secondary antibodies (Amersham Biosciences, 1: 2500) for 2 h at room
temperature. Western blots were analyzed using an enhanced chemiluminescence kit (Pierce) following the
manufacturer’s instructions. Here, we need to mention that some blots were cut prior to hybridization with
antibodies and were only exposed the area of the blot which we needed, so that it may look as if they were
cropped. We have provided both of original images showing half-length and full-length membranes, with
membrane edges visible (please see the supplementary materials 2). 
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In vitro Cdk5 kinase assays

Kinase assays were performed as previously described20. Cdk5 was immunoprecipitated overnight from the
supernatants of lysed cells using the polyclonal C-8 antibody at 4°C, and immunoglobulin isolation was
performed with protein A-Sepharose beads for 2h at 4°C. Kinase assays were performed in the same lysis
buffer used for immunoprecipitation supplemented with 1 mM DTT, 0.1 mM ATP and 0.185 MBq [γ-32P] ATP
with 20 mg of histone H1 as the substrate. The phosphorylation assay was performed at a �nal volume of
50 ml and incubation at 30°C for 60 min. The reaction was stopped by the addition of 10% SDS sample
buffer and then heated at 95°C for 5 min. Samples were separated by SDS-PAGE, the gels were stained with
Coomassie blue, destained, dried, and exposed via autoradiography.

Immuno�uorescence

MIN6 cells were treated with TFP5, SCB or adenovirus-p5 on glass coverslips. After 24 h, cells were starved
overnight with glucose-free medium, treated with different concentrations of glucose (5 mM or 25 mM) and
incubated at 37°C for 24 h. Cells were then washed twice with PBS, �xed in 4% paraformaldehyde in PBS for
30 min at room temperature, and permeabilized with buffer (25 mM Tris, pH 7.4; 150 mM NaCl; and 0.1%
Triton X-100) for 15 min. The coverslips were incubated overnight at 4°C with primary antibodies. All
antibodies were diluted in PBS with 1% Triton-X-100. After three washes with PBS, the coverslips were
incubated with �uorescein goat anti-mouse IgG or Texas Red goat anti-rabbit IgG for 1 h at room
temperature, followed by three times’ washing with PBS. Cell nuclei was counterstained with Hoechst 33342
(Sigma).

Para�n-embedded mouse pancreatic tissue was cut into 3 μm sections and depara�nized with xylene and
ethanol. Sections were then placed in sodium citrate solution for antigen retrieval, blocked with goat serum
for 1 h, and incubated with primary antibodies overnight at 4°C. After sections were incubated with Texas
Red goat anti-rabbit or anti-mouse IgG for 1 h at room temperature, nuclei was counterstained with Hoechst
33342. Fluorescent images were obtained with a Zeiss LSM-510 laser-scanning confocal microscope, and
images were managed with Adobe Photoshop.

Statistical analysis

All data analyses presented in �gures are based on three replicates of experimental results. A two-tailed
Student’s test was performed for the comparation between two groups, with statistical signi�cance
determined as p≤0.05. The data are presented as the standard means ± SEM. Histology and
immuno�uorescence images were generated using Photoshop and quanti�ed using Image J software.

Results
TFP5, an Cdk5 inhibitor derived from p35, effectively inhibited pathological Cdk5 hyperactivity.

As demonstrated in our previous studies, the small truncated peptide from p35 (residues 154-279), also
known as Cdk5 inhibitory peptide (CIP), is a highly effective and speci�c inhibitor of Cdk5/p25 activity12. To
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develop a smaller, more permeable, and easier-to-detect inhibitory peptide of p35/p25, we conjugated P5
with a FITC tag at the N-terminus and a TAT protein transduction domain containing an 11 amino acid
peptide at the C-terminus of P5 to synthetize TFP5 (Fig 1A-B). Expression of p5 (using adenovirus with GFP
and p35 in MIN6 cells were observed by �uorescence microscopy (Fig 1C, a and b). We also observed the
expression of TFP5 and SCB in both the MIN6 cells when treated with TFP5 or SCB (Fig 1D, a and b), and the
C57BL/6J mouse pancreas when injected with TFP5 or SCB (Fig 1D, c and d) under �uorescence
microscopy. After performing in vitro kinase assays, we found that the viral-infected p5 was a more effective
inhibitor than CIP (Fig 1E). We then compared the inhibitory effect of viral-infected p5 with TFP5 through the
in vitro kinase assays, and the results indicated that TFP5 inhibited Cdk5 activity as e�ciently as infection
with p5 (Fig 1E). 

TFP5 effectively inhibited pathological Cdk5 overactivation in vitro and in vivo

First, the effect of TFP5 on pathological Cdk5 overactivation was investigated. We found that the high
glucose group showed higher p25 and Cdk5 expression than the low glucose group in vitro (Fig 2A, upper
and middle panel, lanes 1 and 2). The statistical analysis of p25 was shown in Fig 2B. TFP5 treatment
signi�cantly decreased the expression of p25 and Cdk5 under high glucose conditions (Fig 2A, upper and
middle panel, lanes 2 and 3). Consistent with p25 expression pro�les, Cdk5 activity was signi�cantly
increased under high glucose condition (Fig 2E, lane 2) compared to that under low glucose condition (Fig
2E, lane 1), while cells treated by TFP5 and p5 exhibited signi�cantly reduced Cdk5 activity (Fig 2E, lanes 3
and 4). In addition, we isolated the islets from mice of each group and performed western blot assay. We
found that p25 and Cdk5 expression were signi�cantly increased in islets of db/db mice (Fig. 2C, upper and
middle panel, lanes 1 and 2). The statistical analysis of p25 was shown in Fig 2D. However, TFP5 exposure
could signi�cantly reduce the expression of p25 and Cdk5 (Fig 2C, upper and middle panel, lanes 2 and 3).
Similarly, Cdk5 activity was signi�cantly increased in db/db mice (Fig 2F, lane 2, compared to control mice
lane 1and 4), while TFP5 treated db/db mice exhibited signi�cantly reduced Cdk5 activity compared with
db/db mice treated with scramble peptide. (Fig 2F, lanes 3 compared to lane 2). 

TFP5 reestablished insulin secretion from pancreatic β-cells

Then, we explored the therapeutic e�ciency of TFP5. Interestingly, we found that the reduced insulin
secretion from the MIN6 cells treated with high glucose (Fig 3A, lane 2 compared to the control) was restored
when cells were treated with TFP5 or p5 (Fig 3A, lanes 3 and 4 compared to lane 2). Furthermore, insulin
gene expression and insulin secretion were detected in the cultured cell lysates and supernatants of
pancreatic islet cells isolated from different groups of mice. We found that both insulin gene expression and
insulin secretion were reestablished in pancreatic islet cells after TFP5 treatment in db/db mice (Fig 3B and
C, lane 3 compared to lane 2). These data demonstrate that TFP5 can effectively reestablish insulin
secretion from the toxicity of glucose damaged pancreatic β-cells.

TFP5 might protect pancreatic β-cells from high glucose-induced apoptosis

Next, in order to investigate the effect of TFP5 exposure on the apoptosis of pancreatic β-cells, we performed
western blot and immunohistochemistry assay to detect the expression of a speci�c apoptosis marker,
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caspase 3. MIN6 cells were treated with TFP5 peptide under high-glucose conditions. MIN6 cells underwent
apoptosis when exposed to high glucose levels. However, apoptosis can be attenuated when cells were co-
infected with CIP12. Therefore, we hypothesized that TFP5 might protect pancreatic β-cells against high
glucose-induced apoptosis. To determine whether TFP5 treatment had the same protective role as CIP,
MIN6 cells were treated with TFP5 or SCB. After 24 h, cells were starved overnight in glucose-
free medium and then treated with 5 mM or 25 mM glucose for 24 h. Results showed that TFP5 exposure
decreased the expression level of cleaved caspase 3 in MIN6 cells, and the total caspase 3 level remained
the same in cells treated with high glucose (Fig 4A and B). In addition, these results were con�rmed in the
db/db mouse model. We found that elevated cleaved caspase 3 expression induced by high glucose
exposure was decreased signi�cantly upon TFP5 peptide administration (Fig 4C and D). These results
indicate that TFP5 might protect pancreatic β-cells from high glucose-induced apoptosis.

TFP5 protected pancreatic β-cells by reducing in�ammation

To further explore the potential protection mechanisms induced by TFP5 exposure in MIN6 cells and db/db
mice. As before, MIN6 cells were treated with TFP5 or SCB. After 24 h, cells were starved overnight in
glucose-free medium and then treated with 5 mM or 25 mM glucose for 24 h. Given that in�ammation is one
of the main pathologic features of T2DM, we used western blot analysis to detect the effects of TFP5 on the
level of in�ammatory factors. Results showed that TGF-β1, TNF-α, and IL-1β expression levels were
signi�cantly increased in cells treated with high glucose, but was decreased signi�cantly upon TFP5 peptide
exposure (Fig 5A). The increased expression of cytokines in MIN6 cells was signi�cantly reduced upon TFP5
treatment (Fig 5B-D). These results indicated that TFP5 might protect MIN6 cells from high glucose-induced
in�ammation. In addition, these results were con�rmed in the db/db mouse model. Injection paradigm was
as described above in db/db mice. Puri�ed pancreatic islet tissue was processed for western blotting to
detect the effects of TFP5 on in�ammatory factors. We found that TGF-β1, TNF-α, and IL-1β expression
levels were signi�cantly increased in the pancreatic islets of SCB treated db/db mice but were signi�cantly
decreased in db/db mice treated with TFP5 (Fig 5E). The increased expression of cytokines in the db/db
mice was signi�cantly reduced by 30%-50% upon TFP5 treatment (Fig 5F-H). 

The inhibition of in�ammation by TFP5 in pancreatic islets

To con�rm the function of TFP5 in inhibiting in�ammation, immuno�uorescence staining was performed to
detect the expressions of in�ammatory cytokines in pancreatic tissue (Fig 6A). It showed that the
expressions of TGF-β1, TNF-α, and IL-1β were signi�cantly increased in pancreatic islet of db/db treated with
SCB mice, while the expression of in�ammatory cytokines was decreased by 50% in the pancreatic tissues
of db/db mice treated with TFP5 (Fig 6B-D).

Discussion
T2DM accounts for more than 90% of adult diabetes cases and severely affects health and life worldwide.
Insulin resistance is the major cause of chronic hyperglycemia in diabetic patients. Currently, therapeutic
interventions targeting T2DM are largely limited to control of hyperglycemia. Therefore, exploring promising
therapies for T2DM is extremely urgent.
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Recent �ndings strongly suggest that Cdk5-mediated phosphorylation, such as PPARgamma and sirt1
phosphorylation, may be involved in the pathogenesis of insulin resistance in diabetes21. Here, we found
that TFP5 protects β-cells from glucose toxicity and may act as a therapeutic candidate for T2DM therapy.

T2DM and Alzheimer's diseases are degenerative diseases, and their incidence continues to increase
globally22. Although insights into the pathogenesis of these diseases are limited, similarities in the
pathological changes of brain neurons and pancreatic β-cells have been reported23-25. Previous studies have
indicated that neuronal dysfunction in AD patients (Alzheimer’s disease patients) is partly linked to
hyperactivity of multifunctional Cdk5 kinase. It has been proposed that under neurotoxic conditions, p35, the
normal regulator of Cdk5, was cleaved into p25 and a p10 fragment by calpain (a calcium-dependent
protease)26,27. Cdk5 complexed with p25 was stabilized, hyperactivated, and involved in the
hyperphosphorylation of tau, causing in�ammation and amyloidosis, and eventually leading to neuronal
death16,28. Thus, it is reasonable to speculate that regulating Ckd5/p35 is a promising pathway for T2DM
therapy.

In previous studies, Cdk5 and p35 have been identi�ed in pancreatic islets and β-cells and have been shown
to play important roles in insulin secretion29-31. We hypothesized that the model of activation of Cdk5/p25 in
neurons was the same in stressed pancreatic b-cells and was critical for reduced insulin secretion and
increased apoptosis rates. Our previous studies have shown that long-term exposure of MIN6 cells to a high
concentration of glucose could trigger p25 expression, which caused Cdk5 hyperactivity, induced apoptosis,
and inhibited insulin secretion11,12. These results indicated that aberrant Cdk5 activity was involved in the
pathogenesis of T2DM. Our data also demonstrated that the Cdk5 inhibitory peptide CIP could speci�cally
inhibit Cdk5/p25 activity, protect b-cells from apoptosis, and restore insulin secretion in MIN6 cells without
affecting the activity of endogenous p35 or other kinase8. These data suggested that inhibition of Cdk5
pathological hyperactivity might be an e�cacious approach to T2DM therapy. Although several potent
chemical inhibitors of Cdk5 have been identi�ed and studied10,32,33, most of these inhibitors compete for
ATP binding. Therefore, these compounds lack speci�city and induce serious toxic side effects, since all
kinases are equally dependent on ATP binding. As a therapeutic agent, although CIP speci�cally inhibits
Cdk5/p25 activity, it is not a small molecule, cannot penetrate cells, and has side effects. P5, a much smaller
peptide derived from CIP, was previously identi�ed as a more effective Cdk5/p25 inhibitor than CIP33.
However, it requires a carrier for transfection into cells. To overcome the low transfection rates and
carcinogenicity of viral vector transfection, we used TFP5 in this study. TFP5 is a modi�ed p5 that readily
penetrates cells and shows an inhibitory effect equal to that of virally infected p5 on Cdk5/p25-induced
pathology of stressed MIN6 cells in vitro and db/db pancreas tissues in vivo following i.p. treatment. In our
previous studies, we con�rmed that the application of TFP5 could effectively reduce the blood glucose and
weight of the db/db mice17.

Furthermore, the potential mechanism of the effect of TFP5 on T2DM treatment was also explored.
Interestingly, we found that in�ammation, which is a critical pathogenic factor of pancreatic islet
dysfunction, was signi�cantly inhibited in T2DM. Compelling evidence showed that the apoptosis of
pancreatic cells was associated with in�ammation and that targeting in�ammation was a potential



Page 11/20

approach to the treatment of T2DM34. The cell damage dynamic changed in different stages according to
the development of diseases (degeneration). TFP5 can rescue cells by attenuating the in�ammatory
response, rescuing cell from apoptosis, and increasing insulin secretion. Thus, inhibition of in�ammation-
related apoptosis of pancreatic cells is a potential mechanism of TFP5 in the treatment of T2DM. This
restoration process might be considered that TFP5 might have a regeneration function for T2DM. 

Admittedly, there are some limitations in this study. The results re�ect only short-term TFP5 exposure.
Therefore, long-term exposure to TFP5 is required to assess its effects in vivo in the future exploration,
including the effect on blood biochemical indicators, such as the levels of insulin and glycosylated
hemoglobin. The molecular mechanism of the effects of TPF5 on in�ammation during T2DM treatment
should also be investigated.

In this study, we explored the inhibitory function of TFP5 on the aberrant activation of Cdk5/p25 and the
regulation of insulin secretion in vivo and in vitro. We demonstrated that TFP5 can protect MIN6 cells from
high glucose-induced apoptosis, reduce in�ammatory stress in vitro and attenuate diabetes in db/db mice
by reducing the hyperactivation of Cdk5 in vivo. These data suggest that future studies of TFP5 can provide
information on the mechanisms of drug acting as a means of gaining further insight into the etiology of
diabetes.

Declarations
Ethics approval and consent to participate

It is con�rmed that the study was carried out in compliance with the ARRIVE guidelines. All animal
experiments were performed in accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The protocols were approved by the Animal Care
and Use Committee of the National Institute of Neurological Disorders and Stroke/National Institute on
Deafness and Other Communication Disorders (NINDS/NIDCD) (protocol is ASP: 1231-11) and the National
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) (protocol K058-KDB-10) in Bethesda,
Maryland. The db/db mice and C57BL/6J mice (8-weeks-old males) were obtained from Jackson Laboratory
(Bar Harbor, ME, USA).

Consent for publication

Not applicable.

Availability of data and materials

All data generated or analyzed during this study are included in this published article and its supplementary
materials.

Competing interests

The authors declares no potential con�icts of interest.



Page 12/20

Funding

This work was supported by the following grant sponsors: National Natural Science Foundation of China
[grant numbers 81460161, 81860136]; Natural Science Foundation of Ningxia Province [ grant numbers
NZ14160, NZ17186, 2022AAC02059]; The Key Research and Development Program of Ningxia Province
Region projects [grant numbers 2018BFG0210, 2022CMG03121] , and an NIH intramural research grant (a
collaboration with NINDS/NIH). These research supporters played no role in the study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Authors’ contributions

All authors participated in the design, interpretation of the studies and analysis of the data and review of the
manuscript; SYL, SLC contributed to conception and design, data acquisition, drafting the article, �nal
approval of the version to be published; HYL, XZ, LB contributed to conception and design, data analysis and
interpretation, drafting the article;JE, BL, XML, GQZ, XB drafted the article or critically revising it for important
intellectual content; YLZ, HCP drafted the article or critically revising it for important intellectual content.

Acknowledgements 

We thank Dr. Philip Grant for carefully reading and editing the manuscript. We also thank Dr. Varsha Shukla
and Dr. Yong-Ning Huang for support with the animal experiments.

References
1. Zheng Y, Ley, SH, & Hu FB. Global aetiology and epidemiology of type 2 diabetes mellitus and its

complications. Nature reviews 2018;14(2): 88-98.  

2. Camins A, Verdaguer E, Folch J, Canudas AM, Pallàs M. The role of CDK5/P25 formation/inhibition in
neurodegeneration. Drug News Perspect 2006;19:453-60

3. Wang S, Yang Y, He X, Yang L, Wang J, Xia S, Liu D, Liu S, Yang L, Liu W, Duan H. Cdk5-Mediated
Phosphorylation of Sirt1 Contributes to Podocyte Mitochondrial Dysfunction in Diabetic Nephropathy.
Antioxid Redox Signal 2021;34:171-90

4. Karunakaran U, Elumalai S, Moon JS, Jeon JH, Kim ND, Park KG, Won KC, Leem J, Lee IK. Myricetin
Protects Against High Glucose-Induced β-Cell Apoptosis by Attenuating Endoplasmic Reticulum Stress
via Inactivation of Cyclin-Dependent Kinase 5. Diabetes Metab J 2019;43:192-205

5. Giacco F, Michael B. Oxidative stress and diabetic complications. Circulation research 2010;107(9):
1058-70.

�. Kaneto H, Kawamori D, Matsuoka TA, Kajimoto Y, Yamasaki Y. Oxidative stress and pancreatic beta-cell
dysfunction. Am J Ther 2005; 12(6):529-33.

7. Liu KC, Leuckx G, Sakano D, Seymour PA, Mattsson CL, Rautio L, Staels W, Verdonck Y, Serup P, Kume S,
Heimberg H, Andersson O. Inhibition of Cdk5 Promotes β-Cell Differentiation From Ductal Progenitors.
Diabetes 2018;67:58-70



Page 13/20

�. Posada-Duque RA, López-Tobón A, Piedrahita D, González-Billault C, Cardona-Gomez GP. p35 and Rac1
underlie the neuroprotection and cognitive improvement induced by CDK5 silencing. J Neurochem
2015;134(2):354-370

9. Luo F, Zhang J, Burke K, Miller RH, Yang Y. The Activators of Cyclin-Dependent Kinase 5 p35 and p39
Are Essential for Oligodendrocyte Maturation, Process Formation, and Myelination. J Neurosci
2016;36:3024-37

10. Zheng YL, Hu YF, Zhang A, Wang W, Li B, Amin N, Grant P, Pant HC. Overexpression of p35 in Min6
pancreatic beta cells induces a stressed neuron-like apoptosis. J Neurol Sci 2010;299:101-7

11. Zheng YL, Li C, Hu YF, Cao L, Wang H, Li B, Lu XH, Bao L, Luo HY, Shukla V, Amin ND, Pant HC. Cdk5
inhibitory peptide (CIP) inhibits Cdk5/p25 activity induced by high glucose in pancreatic beta cells and
recovers insulin secretion from p25 damage. PLoS One 2013;8:e63332

12. Zheng YL, Kesavapany S, Gravell M, Hamilton RS, Schubert M, Amin N, Albers W, Grant P, Pant HC. A
Cdk5 inhibitory peptide reduces tau hyperphosphorylation and apoptosis in neurons. Embo j
2005;24:209-20

13. Binukumar BK, Zheng YL, Shukla V, Amin ND, Grant P, Pant HC. TFP5, a peptide derived from p35, a
Cdk5 neuronal activator, rescues cortical neurons from glucose toxicity. J Alzheimers Dis 2014;39:899-
909

14. Amin ND, Zheng Y, Bk B, Shukla V, Skuntz S, Grant P, Steiner J, Bhaskar M, Pant HC. The interaction of
Munc 18 (p67) with the p10 domain of p35 protects in vivo Cdk5/p35 activity from inhibition by TFP5, a
peptide derived from p35. Mol Biol Cell 2016;27:3221-32

15. Binukumar BK, Pant HC. TFP5/TP5 peptide provides neuroprotection in the MPTP model of Parkinson's
disease. Neural Regen Res 2016;11:698-701

1�. Shukla V, Zheng YL, Mishra SK, Amin ND, Steiner J, Grant P, Kesavapany S, Pant HC. A truncated peptide
from p35, a Cdk5 activator, prevents Alzheimer's disease phenotypes in model mice. Faseb j
2013;27:174-86

17. Li B, Wang Y, Bao L, Zheng YL. Effect of Cdk5 inhibitory peptide on blood glucose and body weight in
type 2 diabetic mice. Ningxia Medical Journal 2015;37 (3): 200-202

1�. Wang MM,Song LL,Strange C,Xiao D,Wang HJ. Therapeutic Effects of Adipose Stem Cells   from
Diabetic Mice for the Treatment of Type 2 Diabetes. Mol Ther 2018; 26: 1921-1930.

19. Li DS, Yuan YH, Tu HJ, Liang QL, Dai LJ. A protocol for islet isolation from mouse pancreas. Nat Protoc
2009;4:1649-52.

20. Terse A, Amin N, Hall B, Bhaskar M, BK B, Utreras E, Pareek TK, Pant H, Kulkarni AB. Protocols for
Characterization of Cdk5 Kinase Activity. Current protocols 2021;1(10):e276. 

21. Choi JH, Banks AS, Estall JL, Kajimura S, Boström P, Laznik D, Ruas JL, Chalmers MJ, Kamenecka TM,
Blüher M, Gri�n PR, Spiegelman BM. Anti-diabetic drugs inhibit obesity-linked phosphorylation of
PPARgamma by Cdk5. Nature 2010;466:451-6

22. Zeliger HI, Lipinski B. Physiochemical basis of human degenerative disease. Interdiscip Toxicol
2015;8(1):15-21.



Page 14/20

23. Haan MN. Therapy Insight: type 2 diabetes mellitus and the risk of late-onset Alzheimer's disease. Nat
Clin Pract Neurol 2006;2:159-66

24. Vergani A, D'Addio F, Jurewicz M, Petrelli A, Watanabe T, Liu K, Law K, Schuetz C, Carvello M, Orsenigo E,
Deng S, Rodig SJ, Ansari JM, Staudacher C, Abdi R, Williams J, Markmann J, Atkinson M, Sayegh MH,
Fiorina P. A novel clinically relevant strategy to abrogate autoimmunity and regulate alloimmunity in
NOD mice. Diabetes 2010;59:2253-64

25. Ben Nasr M, Tezza S, D'Addio F, Mameli C, Usuelli V, Maestroni A, Corradi D, Belletti S, Albarello L, Becchi
G, Fadini GP, Schuetz C, Markmann J, Wasserfall C, Zon L, Zuccotti GV, Fiorina P. PD-L1 genetic
overexpression or pharmacological restoration in hematopoietic stem and progenitor cells reverses
autoimmune diabetes. Sci Transl Med 2017;9

2�. Ko YU, Kim C, Lee J, Kim D, Kim Y, Yun N, Oh YJ. Site-speci�c phosphorylation of Fbxw7 by Cdk5/p25
and its resulting decreased stability are linked to glutamate-induced excitotoxicity. Cell Death Dis
2019;10:579

27. Nath R, Davis M, Probert AW, Kupina NC, Ren X, Schielke GP, Wang KK. Processing of cdk5 activator p35
to its truncated form (p25) by calpain in acutely injured neuronal cells. Biochem Biophys Res Commun
2000;274:16-21

2�. Sundaram JR, Poore CP, Sulaimee NH, Pareek T, Asad AB, Rajkumar R, Cheong WF, Wenk MR, Dawe GS,
Chuang KH, Pant HC, Kesavapany S. Speci�c inhibition of p25/Cdk5 activity by the Cdk5 inhibitory
peptide reduces neurodegeneration in vivo. J Neurosci 2013;33:334-43

29. Wei FY, Nagashima K, Ohshima T, Saheki Y, Lu YF, Matsushita M, Yamada Y, Mikoshiba K, Seino Y,
Matsui H, Tomizawa K. Cdk5-dependent regulation of glucose-stimulated insulin secretion. Nat Med
2005;11:1104-8

30. Lee HY, Jung H, Jang IH, Suh PG, Ryu SH. Cdk5 phosphorylates PLD2 to mediate EGF-dependent insulin
secretion. Cell Signal 2008;20:1787-94

31. Draney C, Hobson AE, Grover SG, Jack BO, Tessem JS. Cdk5r1 Overexpression Induces Primary β-Cell
Proliferation. J Diabetes Res 2016;2016:6375804

32. Shiradkar MR, Padhalingappa MB, Bhetalabhotala S, Akula KC, Tupe DA, Pinninti RR, Thummanagoti S.
A novel approach to cyclin-dependent kinase 5/p25 inhibitors: A potential treatment for Alzheimer's
disease. Bioorg Med Chem 2007;15:6397-406

33. Binukumar BK, Shukla V, Amin ND, Grant P, Bhaskar M, Skuntz S, Steiner J, Pant HC. Peptide TFP5/TP5
derived from Cdk5 activator P35 provides neuroprotection in the MPTP model of Parkinson's disease.
Mol Biol Cell 2015;26:4478-91

34. Eguchi K, Nagai R. Islet in�ammation in type 2 diabetes and physiology. J Clin Invest 2017;127:14-23

Figures



Page 15/20

Figure 1

Figure 1. TFP5, derived from p35, effectively inhibited Cdk5 activity in high glucose-treated MIN6 cells.
(A) The schematic diagram of p35 truncated peptides shows the 24-residue peptide TFP5 or p5, spanning
p35 residues Lys254–Ala277. (B) The TFP5 peptide was conjugated with a FITC tag at the N-terminus and a
TAT protein transduction domain peptide at the C-terminus to ease entry into cells. (C) Fluorescence
microscopy observed that expression of p5 adenovirus with GFP and p35 (with anti-p35 antibody) in MIN6
cells. (D) Fluorescence microscopy also showed TPF5 and SCB expression in MIN6 cells and mouse
pancreatic tissue (n=3). Both TFP5 (500 nM) and SCB (500 nM) were incubated with MIN6 cells or TFP5
(200 μM) and SCB (200 μM) were i.p. injected into C57BL/6J mice. TFP5 and SCB expression in both MIN6
cells and pancreatic tissue. (E) Inhibitory effects of TFP5, CIP, and P5 on Cdk5 activity in stressed MIN6 cells
(compared with the CIP group, *p < 0.05).
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Figure 2

Figure 2. TFP5 reduced the hyperactivation of Cdk5 in vitro and in vivo. MIN6 cells were exposed to TFP5 or
SCB or infected with adenovirus-p5. After 24 h, cells were starved overnight with glucose-free medium and
then treated with 5 mM or 25 mM glucose for 24 h. (A) Expression levels of Cdk5, p35, and p25 in MIN6 cells
was determined by Western blot analysis. (B) The statistical analysis of p25 expression levels in MIN6
cells of Figure (A). (C) Cdk5, p35, and p25 expression levels in pancreatic islets obtained from db/db mice
and C57BL/6J mice as determined by Western blot analysis. (D) The statistical analysis of p25 expression
levels in db/db mice of Figure. (E) Quanti�cation of Cdk5 activity in each group of cells. The data represent
the mean ± SEM of four experiments (compared with the 5+SCB group, #p < 0.05; compared with the
25+SCB group, *p < 0.05). (F) Quanti�cation of Cdk5 activity in pancreatic islets in the mice of each group
(n=3) (compared with the SCB+C57BL/6J group, #p<0.05; compared with the SCB+db/db group, *p < 0.05).
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Figure 3

Figure 3. TFP5 restored insulin secretion in pancreatic β-cells. MIN6 cells were exposed to TFP5 or SCB or
infected with adenovirus-p5, as shown in Fig 2A. (A) Culture supernatants were collected and subjected to
insulin measurement. ELISAs show the levels of insulin secretion in the supernatants. The data represent the
mean ± SEM of four experiments (compared with the 5+SCB group, #p < 0.05; compared with the 25+SCB
group, *p < 0.05) (B) Insulin gene expression in db/db mice and C57BL/6J mice as determined by Western
blot analysis with anti-insulin antibody. (C) ELISA shows insulin secretion in islet culture supernatants for
each group of mice (n=4). The data represent the mean ± SEM of four experiments (compared with the
SCB+C57BL/6J group, #p <0.05; compared with the SCB+db/db group, *p < 0.05).
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Figure 4

Figure 4. TFP5 protects pancreatic β-cells from high glucose-induced apoptosis. High glucose-induced
apoptosis of MIN6 cells. MIN6 cells were treated with TFP5 or SCB. After 24 h, the cells were starved
overnight with glucose-free medium and then treated with 5 mM (control) or 25 mM glucose (high
glucose) for 24 h. (A) Expression levels of cleaved caspase-3 and total caspase-3 in MIN6 cells by Western
blot analysis. (B) The quanti�ed ratio of cleaved caspase-3 in the these treated MIN6 cells. The data
represent mean ± SEM of four experiments (compared with the 5+SCB group, #p<0.05; compared with the
25+SCB group, *p < 0.05). (C) IHC assay of cleaved caspase-3 in mice models, (bars = 20μm). (D) Density
quanti�cation analysis of the assay results shown in (C). The data represent the mean ± SEM of four
experiments (compared with the C57BL/6J+SCB group, #p<0.05; compared with the db/db+SCB group, *p <
0.05).
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Figure 5

Figure 5. TFP5 protected pancreatic β-cells by reducing in�ammation. MIN6 cells were treated with TFP5 or
SCB. After 24 h, the cells were starved overnight with glucose-free medium and then treated with 5 mM
(control) or 25 mM glucose (high glucose) for 24 h. (A) Expression levels of TGF-β1, TNF-α, and IL-1β in
MIN6 cells by Western blot analysis. (B, C, and D) The quanti�ed ratio of TGF-β1, TNF-α, and IL-1β in the
these treated MIN6 cells. The data represent mean ± SEM of four experiments (compared with the 25+SCB
group, *p < 0.05). C57BL/6J and db/db mice were exposed to the same levels of TFP5 peptide or SCB. Then,
puri�ed pancreatic islets were collected and used for western blot analysis. (E) Western blot analysis results
show the expression levels of the in�ammatory cytokines TGF-β1, TNF-α, and IL-1β in pancreatic islets
(n=3). (F, G, and H) Mean density analysis of in�ammatory biomarkers in tissues shown in (E) (compared
with the SCB+db/db group, *p < 0.05).
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Figure 6

Figure 6. The inhibition of in�ammation by TFP5 in pancreatic islets. C57BL/6J and db/db mice were
exposed to the same levels of TFP5 peptide or SCB. Then, pancreatic tissue slides were created for
immuno�uorescence staining. (A) In�ammatory cytokines TGF-β1, TNF-α, and IL-1β in pancreatic tissue
were subjected to immuno�uorescence staining, and their expression was analyzed (bars=20μm). (B-D)
Semiquantitative analysis of the expression of in�ammatory biomarkers subjected to immuno�uorescence
staining. Five representative sections on each slide were imaged, and the intensity of the �uorescence
signals was measured by Image J software (compared with the SCB+C57BL/6J group, #p<0.05; compared
with the SCB+db/db group, *p < 0.05).
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