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Abstract

Epidemiological studies report an elevated risk of Parkinson's disease (PD) in patients with type 2 diabetes mellitus (T2DM) that is mitigated in those prescribed dipeptidyl peptidase 4 (DPP-4) inhibitors. With an objective to characterize clinically translatable doses of DPP-4 inhibitors (gliptins) in a well-characterized PD rodent model, sitagliptin, PF-00734,200 or vehicle were orally administered to rats initiated either 7-days before or 7-days after unilateral medial forebrain bundle 6-hydroxydopamine (6-OHDA) lesioning. Measures of dopaminergic cell viability, dopamine content, neuroinflammation and neurogenesis were evaluated thereafter in ipsi- and contralateral brain. Plasma and brain incretin and DPP-4 activity levels were quantified. Furthermore, brain incretin receptor levels were age-dependently evaluated in rodents, in 6-OHDA challenged animals and human subjects with/without PD. Cellular studies evaluated neurotrophic/neuroprotective actions of combined incretin administration. Pre-treatment with oral sitagliptin or PF-00734,200 reduced methamphetamine (meth)-induced rotation post-lesioning and dopaminergic degeneration in lesioned substantia nigra pars compacta (SNc) and striatum. Direct intracerebroventricular gliptin administration lacked neuroprotective actions, indicating that systemic incretin-mediated mechanisms underpin gliptin-induced favorable brain effects. Post-treatment with a 3-fold higher oral gliptin dose, likewise, mitigated meth-induced rotation, dopaminergic neurodegeneration and neuroinflammation, and augmented neurogenesis. These gliptin-induced actions associated with 70-80% plasma and 20-30% brain DPP-4 inhibition, and elevated plasma and brain incretin levels. Brain incretin receptor protein levels were age-dependently maintained in rodents, preserved in rats challenged with 6-OHDA, and in humans with PD. Combined GLP-1 and GIP receptor activation in neuronal cultures resulted in neurotrophic/neuroprotective actions superior to single agonists alone. In conclusion, these studies support further evaluation of the repurposing of clinically approved gliptins as a treatment strategy for PD.
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Introduction
Parkinson's Disease (PD) is the second most prevalent progressive neurodegenerative disorder worldwide, and advancing age is its greatest risk factor [1]. PD impacts in excess of 8.5 million people [1], and is characterized by a loss of dopamine (DA)-generating neurons within the substantia nigra pars compacta (SNc) and resulting deficits in the nigrostriatal dopaminergic pathway [2]. This leads to DA deficiency in the caudate nucleus and putamen, subsequent loss of motor coordination, neuroinflammation and various non-motor symptoms. Existing PD treatments are chiefly focused to  pharmacologically restore DA to mitigate motor symptoms, and provide symptomatic relief during the early disease course [3]. Such treatments do not, however, halt or reverse neuronal loss, nor do they modify disease progression. Hence, new strategies to mitigate PD development are eagerly required and, in this regard, the repositioning of a well-tolerated and efficacious clinically approved drug from one disease to another whose underlying mechanisms have commonality represents a potentially rapid and efficient means of drug development.

The focus of the current study is to evaluate the potential of dipeptidyl peptidase-4 (DPP-4) inhibitors, also known as the gliptin drug class, as a new treatment strategy for PD, since standard PD pharmacotherapy is limited by a progressive loss of efficacy and development of adverse effects with time. Gliptins are approved and widely used in the effective treatment of type 2 diabetes mellitus (T2DM) [4, 5]. DPP-4 is the key enzyme responsible for the metabolism of the endogenous incretins, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) [4, 5]. These peptides are generated and released from the L and K cells of the small intestine, respectively, following food ingestion [6-8], and bind to their cognate receptors (GLP-1R and GIP-R) on pancreatic -cells. Receptor stimulation induces activation of adenylyl cyclase, cyclic adenosine monophosphate (cAMP) accumulation, protein kinase A (PKA) activation and release of insulin to regulate blood glucose levels [6-8]. Incretin-mediated insulin release is “glucose dependent” and occurs only when blood glucose levels are elevated [9, 10]. Importantly, these incretins additionally provide trophic and protective actions on pancreatic -cells [4-9]. 

The GLP-1R and GIP-R are also present in a number of other organs, including the brain - where they are highly expressed across a number of neurons [11-13], and can respond to both GLP-1 and GIP, which readily enter the brain [11, 14-16]. The activation of the GLP-1R on neurons induces potent neurotrophic and neuroprotective actions in cellular and animal models of neural injury and neurodegeneration [13, 17-19], including PD [18, 20-25]. Furthermore, incretin receptors are reported to be present on activated microglia and astrocytes, and their activation quells neuroinflammation [17-19, 22, 25]. The DPP-4 resistant long-acting GLP-1 mimetic Exendin-4, approved for the treatment of T2DM, is hence being clinically assessed in neurological disorders [20-25] and has demonstrated promising efficacy in clinical studies when administered to PD patients by twice daily [26, 27] or once weekly injection [28-30].

An alternative strategy to activate GLP-1Rs in brain to achieve therapeutic benefit is to elevate physiological incretin levels by inhibiting DPP-4, the enzyme responsible for incretin inactivation. Gliptins are well tolerated, US FDA approved, effectively used in the treatment of T2DM and, importantly, likewise have glucose-dependent actions. Hence, they are not associated with the induction of hypoglycemia when administered to euglycemic subjects [4, 5]. Notably, DPP-4 inhibitors are oral drugs and offer the additional potential advantage of augmenting both GLP-1 and GIP actions to provide synergistic effects [31, 32].

As presented here, we have evaluated the repurposing of gliptins in a well-established PD animal model of DA depletion by characterizing the potential of Gosogliptin (PF-00734200) and Sitagliptin. In vivo (rat) studies were designed to evaluate gliptin-induced combined incretin receptor stimulation in a classical animal model of PD, the 6-hydroxydopamine (6-OHDA) unilateral medial forebrain bundle lesioned rat. This model was used consequent to the reproducible unilateral dorsal bundle lesion for striatal DA, differential DA release and receptor supersensitivity that results and underpins rotational behavior following methamphetamine challenge to support drug screening. Furthermore, the presence of the targets of the incretins –, cells expressing the GLP-1R and GIPR -, were evaluated in brain, across age and in 6-OHDA challenged rodents as well as in human subjects with and without PD. Finally, immortalimmortalized cells and primary neuronal cell cultures were evaluated for neurotrophic/protective actions of single and combined GLP-1R and GIPR activation, as a basis for further understanding actions of gliptin efficacy in our 6-OHDA rat studies. 

Materials and methods

Chemicals
Sitagliptin was purchased from Beta Pharma Scientific (Branford, CT, USA). PF-00734,200 was a gift from Pfizer (Pfizer Inc., New York City, NY, USA). Routine chemicals were purchased from Sigma Aldrich (St Louis, MO, USA).

Animals
Mice, C57BL/6 males at 5, 15, 31-month-old (obtained from the NIA aging colony), were used to age-dependently evaluate the presence of the ultimate drug targets of DPP-4 inhibition, specifically GLP-1R and GIPR, in brain. Adult male 250 g Sprague-Dawley rats (Charles River Laboratories, 2 months old upon arrival) were used for PD-related in vivo studies. The use of animals was approved by the Animal Care and Use Committee, NIA and NIDA, NIH, IRP (Protocol #331-TGB-24 and  #09-CNRB-9) and National Health Research Institutes, Taiwan (Protocol # 102068-A; 102102-A). Rats for the 6-OHDA study were single caged and were fed with 3 pieces of food chow (16.2 g or 5.4 g x 3) per animal per day, delivered at 11 am each day. 

Oral administration of Gliptins
Gliptin treatment was initiated either prior to or after 6-OHDA lesioning (early and delayed treatment, respectively) as follows. (1) Early treatment: PF-00734,200 (2.5 mg), sitagliptin (2.5 mg), or vehicle was administered orally via diet admixture (within the 16.2 g chow) daily, starting from 7 days before to 35 days after unilateral 6-OHDA lesioning (Fig. 2A, and green line within Fig. 2D). An estimated dose for a 250-g rat under this treatment was 10 mg/kg/day. (2) Delayed treatment:  PF-00734,200 (7.5 mg), sitagliptin (7.5 mg), or vehicle was administered orally via diet admixture (in 16.2 g chow) daily, starting from 7 days to 45 days after unilateral 6-OHDA lesioning (Fig. 3A). An estimated, clinically relevant, dose for a 250 g rat under this treatment was thus 30 mg/kg/day. Specifically for drug admixture into diet, drug was solubilized in 100% ETOH that was then added to the 16.2 g of food chow. Thereafter, the ETOH was evaporated off. The same procedure was followed for vehicle treated animals, but without either PF-00344,300 or sitagliptin. Animals were weighed twice weekly and the amount of drug added to the chow was modified accordingly to maintain the daily required dose. Chronic treatment with PF-00734,200 or sitagliptin did not alter body weight in 6-OHDA lesioned rats (Supplemental Fig 1). The drug doses evaluated in our rats (10 and 30 mg/kg daily, p.o.) were specifically chosen as they are equivalent to the human use of sitagliptin and PF-00734,200 following translation across animal species subsequent to normalization based on body surface area, in accord with FDA guidelines [33]. Specifically, the 10 mg/kg oral daily drug dose in our rat studies is equivalent to the routine human daily oral dose (100 mg in a 65 kg human) of these gliptins used in T2DM, and the 30 mg/kg rat dose is equivalent to a 3-fold higher dose that is well-tolerated in humans.

Intracerebroventricular (i.c.v.) administration of PF-00734,200
Following the exact same protocol described in Yin et al., 2012 [34] and Li et al., 2009 [35], anesthetized rats were injected i.c.v. with PF-00734,200 (15.4 nmole in 20 µL sterile physiological saline (n=6)) or vehicle (sterile physiological saline, 20 μL (n=8)) using a 25 μL Hamilton syringe at 10 min prior to 6-OHDA lesioning (Supplemental Fig 2). The coordinates for the i.c.v. injection were 0.8 mm posterior to bregma, 1.2 mm lateral (Left) to midline, and 3.7 mm ventral to the dural surface. The rate of infusion (4 μL/min) was adjusted by a microprocessor-controlled injector mounted to the stereotaxic frame (UMP4; World Precision Instruments, Sarasota, FL, USA). The needle was slowly removed after 2 min upon completion of the injection. 

Unilateral 6-OHDA lesioning
Following the exact same protocol described in Yin et al., 2012 [34] and Harvey et al. 2004 [36], anesthetized rats were subjected to a 6-OHDA unilateral medial forebrain bundle lesion. Briefly, 6-OHDA (2.27 µg/µL x 5 µL in 0.9% NaCl containing 0.2 mg/ml ascorbic acid) was unilaterally injected into the medial forebrain bundle (-4.4 mm AP, 1.2 mm ML relative to bregma and 8.4 mm below skull) over 4 min through a syringe pump (Micro 4, WPI, Sarasota, FL), as approved under National Health Research Institutes, Taiwan, Protocol # 102068-A; 102102-A. Following this procedure, all animals were monitored daily for adverse signs of health for 1 week (in line with the approved protocols). 

Our chosen study design was based on data derived from extensive prior animal studies that initially characterized the 6-OHDA unilateral medial forebrain bundle lesion PD model [37-40]. These studies evaluated animals with and without a lesion or drug treatment to provide baseline measures in relation to dopaminergic markers. These, as well as recent studies [41], demonstrated that dopaminergic markers are depleted in the dopaminergic rich areas of the striatum and SNc ‘ipsilateral’ to the 6-OHDA lesion, in comparison to the ‘contralateral’ side, and, importantly, contralateral side dopaminergic marker levels are similar to, and not statistically different from, animals without lesions. This indicates that there is no depletion of dopaminergic markers on the contralateral side of rats with a 6-OHDA unilateral lesion [37-40]. In the light of this, in the current study the dopaminergic markers quantified within the striatum and SNc ipsilateral to the 6-OHDA lesion were compared to those on the contralateral side within the very same animals. Furthermore, to evaluate drug actions, levels of dopaminergic markers in gliptin treated groups of 6-OHDA unilateral lesioned rats were compared to those of vehicle unilateral lesioned animals, in accord with other studies [42-44].

Our decision to use male rats in the present study was based on prior studies involving normal, ovariectomized as well as pubertal rodents that demonstrated that estrogens and possibly differences in neurotrophic factors provide significant neuroprotection to mitigate 6-OHDA damage in female rodents [42-44]. Consequently, to avoid potential confounds associated with estrogen generation in young female rodents, or a requirement of potentially ovariectomizing or using aging animals in a postmenopausal state, we performed our initial evaluation of gliptins in 6-OHDA lesion animal studies, reported herein, in young adult male rodents. We made this decision aware that gender differences in relation to the pharmacokinetics and tolerability of gliptins could potentially exist, and these could be evaluated in future studies in the event that a promising signal of efficacy is demonstrated in the investigation described herein.

Methamphetamine-induced rotation
The rotational behavior of rats was evaluated using a multichannel rotometer system (RotoMax, AccuScan Instruments, Inc, PA, USA), following the protocol of previous studies [45, 46]. For the early treatment study, methamphetamine (meth, 2.5 mg/kg, s.c.)–induced rotation was examined at 20 and 30 days after lesioning, as with prior studies [45, 46] (Fig. 2A). In the delayed treatment study, animals were challenged with meth (2.5 mg/kg, s.c.) 7 days after 6-OHDA lesioning, as previously described [34]. Animals that rotated in excess of 300 turns/hour, indicative of a significant unilateral DA lesion, were selected for gliptins or vehicle treatment, and were randomized between groups. (GraphPad Software, Boston, MA). Meth–induced rotation was re-examined at 20, 30 and 40 days after lesioning (Fig. 3A).

Injection of BrdU
BrdU (Sigma-Aldrich, St. Louis, MO, USA) was injected parenterally (i.p.) from day 8 to day 20 after 6-OHDA lesioning at the dose of 50 mg/kg/day as a marker of neurogenesis. Animals were euthanized for immunostaining on day 21. 
 
Tyrosine hydroxylase (TH) and BrdU immunoreactivity 
BrdU and TH localization was determined by immunohistochemistry. Serial sections of the entire brain were cut at 30 μm thickness by cryostat. One series from every sixth section was stained for TH. To control for staining variability, specimens from all experimental groups were included in every batch and reacted together in a net well tray under the same conditions. Sections were rinsed in 0.1M phosphate buffer (PB), blocked with 4% bovine serum albumin (BSA) and 0.3% Triton x-100 in 0.1M PB. Sections were then incubated in a primary antibody solution mouse monoclonal anti-TH diluted in 4% BSA and 0.3% Triton x-100 in 0.1M PB, concentration 1:100 (Chemicon, Temecula, CA) and polyclonal anti-BrdU (1:500, Millipore, MA, USA) for 17-19 hr at 4°C. Sections were then rinsed in 0.1M PB and incubated in secondary antibodies for 1 hr, followed by incubation for 1 hr with avidin-biotin-horseradish peroxidase complex. Thereafter, sections were mounted on slides, and coverslipped. TH and BrdU immunoreactivity was examined under a fluorescent microscope. Sections were incubated without primary antibody as a control and observers were blinded as to treatment groups.

TH immunoreactivity and BrdU cell number in striatum were averaged from 3 brain sections with visible anterior commissure in each animal.  TH immunoreactivity in SNc was measured every 6th section (30 m per each section) throughout the extent of midbrain. A total of 7 sections from each animal were used for TH density analysis using ImageJ 1.52q software (National Institutes of Health, Bethesda, MD, USA). Nigral volume was analyzed using Cavalieri's method. 

Dopamine measurements by HPLC
Brain samples were collected at 45 days after 6-OHDA lesioning. Striatal and SNc tissues were weighed and stored at −80°C until extraction. The tissues obtained from each animal were homogenized in 0.1 M perchloric acid and centrifuged at 13,000 g for 15 min. DA levels were measured by HPLC with electrochemical detection [47]. The analytical column was a Symmetry C18 3.5 µm (4.6×150.0 mm) from Waters (Milford, MA). The mobile phase consisted of 0.01 M sodium dihydrogen phosphate, 0.01 M citric acid, 2 mM sodium EDTA, 1 mM sodium octylsulfate, 10% methanol, pH 3.5 and was used at flow rate of 0.9 ml/min and a temperature of 25°C. The HPLC system consisted of an ESA automated injection system, an ESA 582 pump, and a Coulochem III detector (ESA Biosciences, Chelmsford, MA, USA). An EZChrom EliteTM chromatography data analysis system (ESA Biosciences) was used for data collection and analysis. DA content was calculated as nmole/g of tissue weight.

Protein Extraction from tissues and Western blots
Brain tissues were homogenized in T-PER Tissue Protein Extraction Reagent (Thermo Scientific, Waltham, MA, USA) in the presence of protease inhibitor (Halt Protease Inhibitor Cocktails from Thermo Scientific) using a Polytron homogenizer. For Western blotting, all samples, 50 µg total protein/lane was resolved by use of a NuPAGE Bis-Tris 10% precast gel (Invitrogen, Carlsbad, CA) and transferred onto a 0.2 mm PVDF membrane (Invitrogen). The blots were first blocked in 5% milk in TBST (tris buffered saline tween-20) at room temperature for 1 h, and then incubated in the same blocking solution containing primary antibodies overnight at 4°C (GLP-1R and GIPR antibodies were from Abcam (Cambridge, MA, USA) and used at a dilution of 1:500; Tyrosine hydroxylase monoclonal antibody was from Chemicon (Temecula, CA, USA) and used at a dilution of 1:2000; β-actin antibody was from Sigma and used at a dilution of 1: 2000; α-tubulin antibody from Santa Cruz Biotechnology (Dallas, TX, USA) was used at a dilution of 1: 5000). After sufficient washes with TBST, blots were incubated with appropriate HRP (horse radish peroxidase)-conjugated secondary antibodies for 1 h at room temperature. Blots were again washed in TBST and, thereafter, signals were detected by using SuperSignal West Pico or Femto Chemiluminescent Substrate (Thermo Scientific) according to the sensitivity requirement. Finally, blots were exposed to high-performance chemiluminescence film (GE Healthcare, Piscataway, NJ, USA) for an appropriate period of time, and densitometric quantification of the protein bands was performed by using a PC version of NIH IMAGE (ImageJ software). For striatum protein samples from the 6-OHDA PD rat model (Fig 1 B2,B3), blots were first incubated with primary antibodies against tyrosine hydroxylase and β-actin overnight at 4°C, then incubated for 90 min in goat anti-rabbit IR-700 nm, goat-anti-mouse IR-800 nm secondary antibodies (1:2,500, Li-Cor, Lincoln, NE, USA). The membranes were scanned using an Odyssey infrared imager (Li-Cor, Lincoln, NE, USA). Immunoblots were quantified with ImageJ.

Active GLP-1 and GIP measurement in rat plasma and CSF
Plasma was obtained from whole blood samples at the time of euthanasia (centrifugation 10,000xG 60 s at 4oC), and CSF was obtained from the cisterna magna. Samples were evaluated by ELISA using kits from IBL (Immuno-Biological Laboratories, Inc.) or from Millipore, following their protocols.

DPP-4 activity
Levels of DPP-4 activity in plasma and brain homogenate samples were quantified by use of a luminescent DPPIV-Glo™ Protease Assay (Promega, Madison, WI), using a 96-well plate format and following the manufacture’s protocol. For brain samples, final results were normalized to protein content.

Neuroinflammatory measures in brain
To quantify rat brain cytokine levels, brain tissues were homogenized in TPER (Tissue Protein Extraction Reagent) (ThermoFisher Scientific) using a Biomasher Homogenizer. Inhibitors of phosphatase and protease were added into the TPER to prevent protein degradation. Tissues were then sonicated for 10 pulses and centrifuged at 10,000g for 10 min at 4 °C. The supernatant was used to measure brain cytokine levels using rat TNF-α ELISA kits from e-Bioscience (San Diego, CA, USA) and rat IL-6 ELISA kits from Biolegend (San Diego, CA, USA). The final results were normalized to protein content, as measured by BCA (bicinchoninic acid) assay. Brain tissue Iba-1 and GFAP levels were quantified by Western blot (Iba-1 and GFAP antibodies Santa Cruz Biotechnology, Inc.) and used in 1:100 dilution).

Rat pharmacokinetic study: To define how accurately the selected sitagliptin and PF-00734,200 doses in our present rat study reflect those determined in prior human clinical studies, plasma and brain levels of sitagliptin and PF-00734,200 were evaluated in rats following a single oral dose of 10 mg/kg. 

Specifically, sitagliptin or PF-00734,200 (10 mg/kg) was administered by oral gavage to adult male 250 g Sprague-Dawley rats (Charles River Laboratories, 2 months old upon arrival) under an approved Animal Care and Use Committee, NIA, NIH, IRP animal protocol (#331-TGB-24) (n=6). At 105 min thereafter, animals were euthanized,. A blood sample was obtained and the plasma was separated (10,000 G, 60 s, 4oC) and frozen to -80oC. The vasculature was immediately cleared with physiological saline, and a section through the right cerebral hemisphere werewas obtained and immediately flash frozen to -80oC. ThisThe 105 min sampling time was selected to provide approximately peak oral bioavailability [48]. The plasma and brain samples were later analyzed for sitagliptin or PF-00734,200 by LC-MS utilizing the methods of Zeng et al. [49] and Sharma et al., [50], respectively.

Mouse brain tissue samples for GLP-1R/GIPR evaluation
C57BL/66JN mice of 5, 15 and 31months ageof age (NIA aging colony, NIA Division of Aging Biology, Bethesda, MD) were euthanized (isoflurane followed by decapitation). Their brains were rapidly removed on wet ice, dissected, and immediately frozen and stored at -800C.

Human brain tissue samples for GLP-1R/GIPR evaluation
Human PD and age-matched control brain samples (SNc) were generously provided by the Carroll A. Campbell Jr. Neuropathology Laboratory Brain Bank, Medical University S. Carolina, Charleston, SC.

Neuronal cell culture studies
Human SH-SY5Y neuroblastoma cells and rat VM neuronal cultures possess incretin receptors [35] and were prepared following the protocols of [34, 35]. Briefly, SH-SY5Y cells, obtained from American Type Culture Collection (ATCC, Manassa, VA), were sustained in a 1:1 mixture of Eagle's Minimum Essential Medium and Ham's F12 Medium supplemented with 10% heat-inactivated fetal bovine serum (FCS) and 100 U/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA). Cells were kept at 37°C in a humidified incubator with 5% CO2 and 95% air. Medium was replaced every two days and the cells were split in a 1:3 ratio every 5 days (0.25% trypsin, 0.53 mM EDTA solution) or when they reached approximately 80% confluence.

Primary neuronal cultures were prepared from embryonic (E14-15) ventral mesencephalon (VM) tissue aseptically separated from timed-pregnant Sprague–Dawley rat fetuses (Charles River Laboratories, Wilmington, MA). VM tissue was then trypsinized (0.25%; Invitrogen, Carlsbad, CA) with gentle mixing (15 min, 37°C). After rinsing (pre-warmed DMEM/F-12 (Invitrogen)), cells were dissociated by trituration, counted and plated into 96-well (6.0 × 104/well) cell culture plates pre-coated with poly-lysine (Sigma-Aldrich) and with culture medium (Dulbecco’s modified Eagle medium/F12 supplemented with 10% heat-inactivated fetal bovine serum, 1 mM L-glutamine and 2% B27 (Invitrogen)). VM cultures were then maintained (37°C, humidified atmosphere 5% CO2 and 95% air) and fed by exchanging 50% of media with feed media (Neurobasal medium (Invitrogen) with 2% B27 with antioxidants (+AO) supplement on DIV (days in vitro) 3 and 5). On DIV7, cultures were fed with feed media containing B27 supplement lacking antioxidants ((−) AO, Invitrogen). 

For studies on neurotrophic actions, SH-SY5Y cells were treated with GLP-1, GIP or GLP-1+GIP (10 and 100 nM). Cell viability was measured by MTS assay at 48 hr (Promega, Madison, WI). For neuroprotection studies on VM primary cultures, freshly prepared 6-OHDA (100 μM in 20 μM ascorbic acid saline solution) or saline (with 20 μM ascorbic acid) was added to the wells on DIV 10, exactly 10 min following the addition of GLP-1, GIP, GLP-1+GIP or vehicle and with or without PF-00734,200 (1 nM). After incubation for 2 hr, cultures were washed with (−)AO B27 3 times. Incretin or vehicle was re-added to the wells during the last wash. Cells were returned to a 37°C incubator for 22 hr, and then fixed with 4% paraformaldehyde (PFA) for TH immunoreactivity evaluation. In relation to SH-SY5Y cells,  parallel studies were undertaken in which cells were administered GLP-1, GIP or GLP-1+GIP (10 or 100 nM) or vehicle, and were either maintained in media lacking FCS for 48 hr (serum starvation) or challenged with 6-OHDA (30 M) 2 hr later and then maintained for a further 24 hr. Likewise, cell viability was evaluated by MTS assay (Promega), rather than evaluation of TH levels, as TH expression can potentially be upregulated variably by phosphorylation following trophic factor treatment.

Statistics
To minimize the use of animals in the present study, useful outcome measures were selected from our prior studies for evaluation herein, and were supported by a power analysis. Values are expressed as means ± standard error of mean values throughout. Student’s t-test, and 1- and 2-way ANOVA tests were used for statistical analyses. ANOVA on ranks was used when the normality assumption was violated. Post-hoc Newman-Keuls test or Dunn’s test was used for all pairwise multiple comparisons. The Dunnett’s and Bonferroni correction were used, as required, for serial measurements. A statistically significant difference was defined as p < 0.05, and statistical values are noted in the Figures and text. No outliers or data was excluded.

Results
Rodent and human brain expresses both GLP-1R and GIPR
The brain receptor targets of the incretins, GLP-1 and GIP; specifically, GLP-1R and GIPR, were probed by Western blot and their protein expression levels were found to be preserved across age in mouse cerebral cortex (Fig. 1 A1, A2), were maintained in rat striatum following 6-OHDA lesioning (Fig. 1 B1), and also were confirmed present in human SNc in PD (Fig. 1 C1, C2)). Human SNc tissue was obtained from both Parkinson’s disease subjects vs. an age-matched control. 
[image: ]
Fig 1. GLP-1R and GIPR were probed by Western blot and their protein expression levels were maintained across age in mouse cerebral cortex, were retained in striatum following unilateral 6-OHDA lesioning in rat, and also were preserved in human substantia nigra pars compacta in PD. (all values are means  SEM). (A1) GLP-1R and (A2) GIPR expression normalized to β-actin in mouse cerebral cortex was unchanged across age (5- to 31-months; p>0.05, n=3 per age group).; one-way ANOVA; Bonferroni’s post hoc test). (B1) GLP-1R and GIPR expression levels normalized to β-actin in striatum were found to be similar in rats challenged with 6-OHDA unilateral medial forebrain bundle lesion on the left (L) side (p>0.05, n=3, Student T test between L and R striatum) in the presence of substantial left-sided dopaminergic cell depletion, as evaluated by tyrosine hydroxylase (TH) expression (B2) normalized to β-actin (B3). (C1) GLP-1R and (C2) GIPR expression together with α-tubulin in a single human control and two PD SNc brain samples (obtained from the Carroll A. Campbell Jr. Neuropathology Laboratory Brain Bank, Medical University S. Carolina, Charleston, SC).

Early treatment with a low daily dose of gliptin reduced rotational behavior and protected against the loss of dopaminergic innervation in striatum after 6-OHDA lesioning in hemiparkinsonian rats 
Rats were treated with PF-00734,200, sitagliptin (both drugs 10 mg/kg daily, orally in 16.2 g of food), or vehicle starting from 7 days prior to unilateral 6-OHDA lesioning (day 0) and this was continued for a further 5 weeks. Animals were euthanized at 35 days after lesioning (as shown in Fig 2A). This drug dose (10 mg/kg daily, p.o.) in rat was specifically chosen as it is equivalent to the human use of sitagliptin and PF-00734,200 following translation across animal species subsequent to normalization based on body surface area, in accord with FDA guidelines [33]. Specifically, the 10 mg/kg oral daily drug dose in our rat studies is equivalent to the routine human daily oral dose (100 mg in a 65 kg human) of these gliptins used in T2DM [34].

In vehicle control animals, lesioning with 6-OHDA almost completely abolished tyrosine hydroxylase (TH)  immunoreactivity within the ipsilateral striatum (Fig 2B). PF-00734,200 partially protected against the loss of TH activity in the lesioned striatum. A more prominent protective response was found in animals receiving sitagliptin (Fig 2B).  TH pixel density in the striatum from 27 rats was averaged from 3 brain slices with visible anterior commissure in each rat (vehicle, n=10; PF-00734,200, p.o., n=9; sitagliptin p.o., n=8).  In animals receiving vehicle, TH pixel density in the lesioned side striatum was reduced to 2.80 ± 1.04% of control (non-lesioned side striatum). Early oral treatment with sitagliptin or PF-00734,200 significantly increased TH pixel density in the lesioned striatum (Fig 2C, p<0.05; one way ANOVA on Rank + Dunn’s test).

Meth (2.5 mg/kg, s.c.)–induced rotational behavior was examined on days 20 and 30 following 6-OHDA, in line with prior studies [45, 46]. Using a two-way ANOVA, we determined that both gliptins, compared to vehicle, significantly reduced meth-mediated rotation in the unilaterally 6-OHDA-lesioned rats (F2,51=4.734, p=0.013; Fig 2D). Post-hoc Newman-Keuls analysis revealed that PF-00734,200 significantly reduced meth-mediated ipsilateral rotation (p=0.006). A small but significant difference was found between sitagliptin and vehicle groups (p=0.050). No difference was found between oral PF-00734,200 and sitagliptin groups.

In contrast to the neuroprotection induced by oral administration of gliptins, unilaterally 6-OHDA-lesioned rats that were treated with PF-00734,200 by the i.c.v. route were no different from similarly vehicle-treated animals, as evaluated for meth-mediated rotational behavior and TH immunohistochemistry (Supplemental Fig. 2).
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Fig 2. Early treatment with low dose of gliptins reduced ipsilateral rotation and protected against the loss of dopaminergic innervation in striatum as well as substantia nigra pars compacta of hemiparkinsonian rats. PF‐00734,200 (10 mg/kg daily), sitagliptin (10 mg/kg daily), or vehicle was administered orally via diet admixture (in 16.2 g chow) daily, starting from 7 days before unilateral 6‐OHDA lesioning (green line within (A and D)). Daily drug/vehicle dosing was continued and methampphetamine-mediated rotation was quantified at 20 and 30 days post-lesion. Animals were euthanized, thereafter, and TH immunoactivity examined in striatum and SNc. (all values are means  SEM). 
Striatum: (A) Time line of early treatment protocol. (B) Representative photomicrographs from three separate animals per group (i.e. oral PF‐00734,200 (PF), sitagliptin (Sita), vehicle (Veh). (C) TH immunoreactivity was averaged from three coronal sections at the level with visible anterior commissure from each animal. TH levels in the lesioned side  striatum were normalized to the corresponding non‐lesioned side striatum on the same brain slide. Whereas the TH level in animals receiving vehicle was almost completely abolished, early treatment with sitagliptin or PF‐00734,200 significantly preserved TH immunoactivity in the lesioned striatum (*p<0.05, one way ANOVA on Rank + Dunn’s test). (D) Rotation was induced by administration of 2.5 mg/kg methamphetamine at days 20 and 30 after lesioning. PF‐00734,200 significantly reduced rotation (*p=0.006), and a smaller but significant difference was found between sitagliptin and vehicle groups (*p=0.050). 
Substantia nigra: (E) TH activity was almost completely abolished after unilaterally 6‐OHDA lesioning, as evident in the vehicle (Veh) group. (Scale bar = 1mm for E). Oral administration PF or Sita (both 10 mg/kg daily) antagonized 6‐OHDA-mediated loss of TH activity (F). The labels within (F), i.e., A1,A2,B1,B2,D1,D2,E1 and E2, in each high magnification panel - correspond to the blocks in (E). As evident in (F), oral treatment with PF or Sita partially ameliorated 6‐OHDA induced loss of TH cells and fibers in SNc (within (F), PF: D1, D2 and Sita E1 and E2). Calibration bar = 200 µm. (G and H) TH immunoreactivity was quantified on 7 sections from each animal. The distance between sections was 240 µm. (G) In the lesioned side SNc, treatment with Sita or PF significantly increased TH activity (#p<0.001, compared to Veh control). (H) In the non‐lesioned side SNc, PF or Sita did not alter the TH immunoreactivity.  Scale bar = 1mm for A or 200 m for B. (Veh n=10; PF n=9; Sita n=8). 

Early treatment with gliptins reduced dopaminergic degeneration in the lesioned substantia nigra 
The protective response of gliptins was also found in SN (Fig 2E). Almost no TH (+) cells were found in the lesioned SNc in vehicle treated animals. In contrast, TH immunoreactivity in the lesioned SNc was increased in comparison to the vehicle-treated group following treatment with PF-00734,200 or sitagliptin. At high magnification, TH (+) cells and fibers were found to be partially preserved in the lesioned SNc (Fig 2F). TH immunoreactivity was further quantified in the all animals. A total of 7 brain sections from each animal were used.  The distance between slices was 240 µm.  We found that in the non-lesioned side SNc, early treatment with PF-00734,200 or sitagliptin did not alter the TH immunoreactivity (Fig 2H). In the lesioned side SNc, TH immunoactivity was significantly reduced in animals receiving vehicle (Fig 2G). Treatment with gliptins significantly altered TH immunoactivity (p<0.001, F2,175=21.230, two-way ANOVA). Post hoc Newman-Keuls test indicated that sitagliptin or PF-00734,200 significantly increased TH activity (p<0.001, Fig 2G).  

Delayed oral treatment with a higher dose of gliptins attenuated rotational behavior in 6-OHDA lesioned rats
Forty-six rats received unilateral 6-OHDA lesioning on day 0 and were fed with regular food (16.2 g per day) for 6 days. Meth-induced rotational behavior was examined on day 7 after 6-OHDA lesioning (Fig. 3A). On the basis of this, animals were randomly separated into 3 groups to equalize rotational behavior and were fed with food (16.2 g per day) containing a high dose of gliptins (30 mg/kg/day) or vehicle from days 7 to 45. There was no difference in the rotation prior to drug treatment (i.e., on day 7) among these three groups (p=0.383, One way ANOVA). Averaged rotation on day 7 was 526.7 ± 41.6 turns/60 min. The 30 mg/kg gliptin daily dose was selected as it is equivalent to a 3-fold greater than routine human dose of sitagliptin and PF000734,200 that is well tolerated [34], calculated in accord with FDA guidelines [33].

Meth-induced rotation behavior was examined again on days 20, 30 and 40 after lesioning. Delayed oral treatment with gliptins significantly reduced rotation (Fig 3B, p=0.008, F2,122=5.078, Two-way ANOVA). Posthoc Newman-Keuls analysis indicates that sitagliptin (p=0.014) or PF-00734,200 (p=0.005) significantly attenuated rotational behavior as compared to vehicle. In another set of animals (n=14), a low dose of PF-00734,200 (10 mg/kg daily) or vehicle was given daily from day 7 to day 30. PF-00734,200, and this dose did not alter rotational behavior in hemi-parkinsonian rats (Supplemental Fig 3). 
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Fig 3. Delayed oral treatment with PF‐00734,200 (PF) or Sitagliptin (Sita) ameliorated meth‐induced ipsilateral rotation in unilateral 6‐OHDA induced hemiparkinsonian rats. (A) High dose PF or Sita (30 mg/kg daily, p.o.) or vehicle was administered orally to animals, initiated 7 days after a unilateral 6‐OHDA lesion. Animals were challengedinjected with meth (2.5 mg/kg, s.c.) 7 days after 6-OHDA lesioning to randomly distribute animals that rotated in excess of 300 turns/hour (indicative of a significant unilateral DA lesion) across treatment groups, and meth–induced rotation was thereafter re-examined at 20, 30 and 40 days post lesioning. (B) A significant reduction in rotation was noted in animals receiving PF or Sita (*(all values are means  SEM; *p=0.009, two‐way ANOVA + Newman‐Keuls test), as compared to the vehicle controls. (Veh n=20; PF n=14; Sita n=12). 

TH and BrdU immunoreactivity in 6-OHDA unilateral lesion-challenged rats receiving delayed oral treatment with gliptins
Sixteen rats receiving delayed treatment were given daily 5′-bromo-2′-deoxyuridine (BrdU 50 mg/kg i.p.: an established marker of cell proliferation/neurogenesis) injection from day 8 to day 20. Brain tissues were collected on day 21 for TH and BrdU immunoreactivity.  Unilateral 6-OHDA almost completely abolished TH immunoreactivity in the ipsilateral striatum in vehicle animals (Fig 4).  Gliptins partially protected against the loss of TH immunoactivity in striatum (Fig 4A).  BrdU-labeled cells were found mainly in the subventricular zone (SVZ) and striatum (Figs 4A and B). Delayed treatment with PF‐00734,200 or sitagliptin enhanced BrdU labeling in the lesioned striatum, but not in the SVZ (Fig 4B).

TH pixel density was averaged from 3 brain sections with visible anterior commissure in each animal.  Sitagliptin significantly increased TH pixel density in the lesioned striatum (Fig 4C (C1), p=0.041, F2,13=4.121, one way ANOVA; p=0.036, post hoc Newman-Keuls test). There is a trend, but not a statistically significant PF‐00734,200-mediated increase in TH immunoactivity.   The number of BrdU labeled cells in SVZ or striatum (Fig 4C (C2 and C3, respectively) )was quantified and averaged in the brain sections with visible anterior commissure. Sitagliptin or PF-00734,200 did not alter BrdU labeling in the SVZ (Fig 4C (C2), p= 0.236); however, both drugs significantly increased BrdU labeling in the striatum (Fig 4C (C3), p= 0.007, F=7.436, One-way ANOVA; p=0.012 and 0.006, posthoc Newman Keuls test).
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Fig 4. Delayed gliptin treatment enhanced TH immunoreactivity and BrdU labelling in lesioned striatum in unilateral 6‐OHDA induced hemiparkinsonian rats. Either Sitagliptin (Sita) or PF‐00734,200 (PF) (both 30 mg/kg p.o. daily) or vehicle (Veh) was administered from day 7 onwards following unilateral 6‐OHDA‐ lesioning. BrdU (50 mg/kg i.p. daily) was administered from day 8 post‐lesion to day 20, and animals were euthanized on day 21 for collection of brain tissues for evaluation of TH and BrdU immunoreactivity. (all values are means  SEM). (A) Sita (A2) or PF (A3) partially protected TH activity in the lesioned striatum as compared to vehicle-treated animals. (Scale bar = 200 m). BrdU immunoreactivity was found to be chiefly present within the subventricular zone (SVZ) in vehicle treated animals. Delayed treatment with gliptins did not appears to enhance BrdU labeling bilaterally in the SVZ. Scale bar = 100 m (Veh n=5; PF n=6; Sita n=5). (B) BrdU‐labeled cells were found predominantly in the SVZ (left panel) but also in the striatum (right panel).) (Scale bar = 100 m). Whereas treatment with PF or Sita did not enhance BrdU immunoreactivity in the SVZ (B2 and B3, as compared to B1 (left panel)), an increase in BrdU labeling was found in lesioned striatum after PF or Sita treatment (B2 and B3, as compared to B1 (right panel)). Scale bar = 100 m.)), (Veh n=5; PF n=6; Sita n=5). (C) TH (C1) and BrdU (C2 and C3) immunoreactivity was averaged from three coronal sections at the level with visible anterior commissure from each animal. (C1) TH immunoactivity in the lesioned side (L: left) striatum was normalized to the corresponding non‐lesioned side (R: right) striatum on the same brain slide. Delayed treatment with Sita (30 mg/kg daily, p.o.) significantly increased TH activity in the lesioned striatum (*p=0.037, one-way ANOVA + Newman‐Keuls test). (C2 and C3) BrdU immunoreactivity in the animals treated with gliptins was normalized to the mean BrdU immunoactivity in animals treated with vehicle (Veh). (C2) No difference was found in the SVZ (p=0.236). (C3) Post treatment with PF-00734,200 (PF) or Sita (both 30 mg/kg daily, p.o.) significantly increased BrdU labeling in the lesioned striatum (*p=0.007, One-way ANOVA). (Veh n=5; PF n=6; Sita n=5).

This protective action after delayed gliptin treatment was also found in SNc. Almost no TH immunoreactivity was found within the lesioned side SNc in animals receiving vehicle-treated chow. Delayed treatment with gliptins partially ameliorated the loss of TH cell density in this area (Fig 5 A&B).  TH immunoreactivity was analyzed in every 6th section through the extent of the midbrain. A total of 7 brain sections from each animal was used for TH density analysis. SNc volume was analyzed using Cavalieri's method. In the non-lesioned side SNc, TH cell density was not altered by gliptin treatment (p=0.415, One-way ANOVA, Fig 5C).  6-OHDA lesioning significantly reduced TH cell density in all animals.  TH cell density was reduced to 1-2 % in animals receiving vehicle (Fig 5D). Sitagliptin or PF-00734,200 significantly increased TH cell density in the lesioned SNc (Fig 5D, p<0.05, ANOVA on Rank + Dunn’s test).
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Fig 5. Delayed oral gliptin treatment provides partial protection against 6‐OHDA-mediated neurodegeneration in the SNc dopaminergic neurons. (all values are means  SEM). (A) Photomicrographs represent  typical TH immunoreactivity in the ventromesencephalic region of 3 animals at day 21 post lesioning. Almost no TH immunoactivity was found in the lesioned SNc area of a rat receiving vehicle (Veh). Delayed treatment with sitagliptin (Sita) or PF‐00734,200 (PF) (both 30 mg/kg daily, p.o.) partially mitigated the loss of TH immunostaining within the lesioned side of the SN. (B) At higher magnification, treatment with Sita and PF increased the TH immunoreactivity in the lesioned SNc (D2 vs. B2; C2 vs. B2). (Scale bars. A: 100 µm, B: 18 µm). (C) Gliptins did not alter cell density in the non‐lesioned side SNc (p=0.415). (D) Delayed treatment with PF or Sita significantly increased TH cell density in the lesioned side SNc (p=0.007). Scale bar = 100 m. (Veh n=5; PF n=6; Sita n=5). 

Dopamine levels in striatum and substantia nigra
A total of 49 rats received unilateral 6-OHDA lesioning on day 0 and were given oral PF-00734,200 (30 mg/kg daily, n=18), sitagliptin (30 mg/kg daily, n=14), or vehicle (n=17) from day 7 to day 45. Another 8 non-lesioned rats were fed with regular diet (16.2 g per day) without gliptins and were used as naïve controls. SNc and striatal tissues were collected for DA analysis by HPLC on day 45. Tissue DA concentrations in the non-lesioned side striatum or SNc of 6-OHDA lesioned rats were not statistically different from those of naive controls (data not shown). DA levels in the lesioned side (left or L) striatum and SNc were thus normalized to the non-lesioned side (right or R) from each animal and were expressed as L/R ratio (Fig 6).   Administration of 6-OHDA reduced the DA L/R ratio to 0.037 (i.e., 3.7 ± 0.9 %) in the striatum and to 0.214 (i.e., 21.4 ±3.2 %) in SNc in vehicle animals (Fig 6). Delayed oral treatment with sitagliptin significantly increased DA levels in the lesion side striatum (Fig 6A) and SNc (Fig 6B, p<0.05, One-way ANOVA on Rank + Dunn’s test). A significant increase in DA levels in SNc was also found in the 6-OHDA-lesioned animals receiving sitagliptin, as compared to PF-00734,200 (p<0.05, One way ANOVA on Rank + Dunn’s test; Fig 6B). In animals receiving PF-00734,200 (10 mg/kg daily from days 7 to 45, orally, n=8), DA levels in SNc or striatum were not significantly altered (see Supplemental Fig 3). 
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Fig 6. Delayed treatment with high dose sitagliptin (Sita) mitigates dopamine (DA) loss on the side of the lesion in unilateral 6‐OHDA induced hemiparkinsonian rats. Unilaterally 6‐OHDA lesioned rats were given PF-00734,200 (PF) (30 mg/kg daily), Sita (30 mg/kg daily), or vehicle (Veh) orally from day 7 to day 45. Striatal and SNc tissue samples were collected on day 45 post‐lesion for HPLC analysis. All data in the lesioned side (left or L) striatum and SNc were normalized to the non‐lesioned side (right or R) from each animal and were expressed as L/R ratios. Delayed treatment with Sita significantly increased DA levels in the lesion side (A) striatum and (B) SNc. All values are means  SEM; *p<0.05, One-way ANOVA on Rank + Dunn’s test. Veh n=17; PF n=18; Sita n=14

DPP-4 inhibition, incretin levels and markers of inflammation
Plasma, brain (striatum) and CSF samples were obtained from a subset of rats that received unilateral 6-OHDA lesioning on day 0 and were given oral PF-00734,200 (30 mg/kg daily), sitagliptin (30 mg/kg daily), or vehicle from day 7 to day 45 in relation to brain DA level evaluation (Fig. 6, above), to support quantification of DPP-4 activity, incretin levels and markers of inflammation. Plasma DPP-4 activity was significantly inhibited in excess of 60% by sitagliptin and PF-00734,200, and brain activity by in excess of 20% (Fig 7A, p<0.001 plasma, p<0.01 brain, ANOVA on Rank + Dunn’s test). This resulted in elevated levels of endogenous incretins in plasma and CSF (Fig. 7B and C), and a decline in brain markers associated with neuroinflammation (evaluated by TNF-, IL6, Iba-1 and GFAP protein levels (Fig. 7D)). This decline in brain inflammatory markers is particularly relevant in the light of the known presence of neuroinflammation in human PD [3].
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Fig 7. Delayed oral gliptin treatment induces reductions in plasma and brain DPP-4 activity, a rise in plasma and CSF incretin levels and a reduction in neuroinflammatory markers in unilateral 6‐OHDA induced hemiparkinsonian rats. Unilaterally 6‐OHDA lesioned rats were given PF-00734,200 (PF) (30 mg/kg daily), Sita (30 mg/kg daily), or vehicle (Veh) orally from day 7 to day 45. Plasma, CSF and brain tissue samples (lesioned side) were collected on day 45 post‐lesion. (all values are means  SEM). Delayed treatment with Sita and PF significantly inhibited (A) DPP-4 activity in plasma and brain (top and bottom, respectively, in striatum), elevated incretin levels in (B) plasma and (C) CSF (GIP (top), GLP-1 (bottom),)), and reduced levels of the inflammatory markers TNF-, IL-6, Iba1 and GFAP (D) on the lesioned side of brain (striatum). *p<0.05, *p<0.01, *p<0.001, One-way ANOVA, Dunnett’s multiple comparison test vs. Veh group. (n shown within Figure). (n shown within Figure). The small volume of CSF available for sampling from the cisterna magna proved to be restrictive in gaining data regarding sitagliptin action on GLP-1 levels in Fig. 7C.

Plasma and brain levels of sitagliptin and PF-00734,200 in: To verify that the selected sitagliptin and PF-00734,200 doses evaluated in our rat 6-OHDA unilateral lesion study are equivalent to those achievable in humans, plasma and brain levels of both gliptins were quantified in rat following a 10 mg/kg oral dose, and are shown in Table 1. Total and free sitagliptin concentrations in rat plasma were substantially greater than respective levels in brain, and demonstrate restricted brain entry of sitagliptin following oral administration. In contrast, more substantial concentration of PF-00734,200 were found in rat brain (brain plasma ratio 0.62).

	
	Plasma (Pl)
	
	Brain (Br)
	
	Ratio

	Compound
	PlTotal nmol/L
	PlFree nmol/L
	BrTotal nmol/L
	BrFree nmol/L
	Br/Pl ratio 
(Total)

	Sitagliptin
	976 ± 145.8
	868 ± 129.7
	71 ± 13.4
	13 ± 2.4
	0.07

	PF-00734,200
	922 ± 205.7
	830 ± 185.2
	574 ± 102.9
	195 ± 34.9
	0.62



Table 1. Plasma (Pl) and brain (Br) total and free concentrations of sitagliptin and PF-00734,200 in rat at 105 min (the predicted plasma peak (Cmax) following oral 10 mg/kg administration) (n = 5 to 6 animals per group, mean value in nmol/L ± SEM).

GLP-1 and GIP receptor activation provides neurotrophic/protective actions in neuronal cultures
Our hypothesis is that elevated levels of the endogenous incretins GLP-1 and GIP that result from the use of a DPP-4 inhibitor provide neurotrophic/protective actions in addition to the anti-inflammatory effects described above. Both our research [51] and the prior work of others [52] have demonstrated the neurotrophic/protective actions of single as well a combined GLP-1 and GIP receptor activation. To confirm this, we treated SH-SY5Y cells (a human immortal neuronal cell line with dopaminergic markers [53]) with GLP-1, GIP, GLP-1+GIP or vehicle in the absence and/or presence of a neurotoxic challenge with either 6-OHDA (30 M) or serum starvation. Pilot studies were undertaken to determine ‘subtherapeutic’ concentrations of single GLP-1 and GIP treatment that were then used to evaluate neurotrophic/protective actions of the combined GLP-1+GIP treatment. As shown in Figure 8A, the combination of subtherapeutic doses of single GLP-1 or GIP receptor agonism resulted in a neurotrophic action for GLP-1+GIP (p<0.01). Similarly, the combination of subtherapeutic doses of GLP-1 and GIP alone (Fig. 8B) provided neuroprotection against both 6-OHDA (p<0.05) and serum starvation (p<0.05) challenges. These results indicate that the joint action of ordinarily subtherapeutic concentrations of each incretin provide neurotrophic/protective benefit when combined.

To confirm that such benefit translates to primary neurons, rat VM cultures were challenged with a toxic concentration of 6-OHDA (100 M) and rescued by the addition of GLP-1+GIP, particularly in the presence of the DPP-4 inhibitor PF-00734,200 (1 nM) (Fig. 8C).
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Fig 8. Incretins GLP-1 and GIP, and particularly when combined, possess neurotrophic and neuroprotective actions in neuronal cell cultures. SH-SY5Y cells were treated with single and combined concentrations of GLP-1 and GIP in the absence (A) and presence of cellular challenge (B). (A) The combination of subtherapeutic concentrations of GLP-1 and GIP, alone, resulted in neurotrophic action (i.e., an increase in cell viability vs. the Control group) and (B) significantly ameliorated 6-OHDA and serum starvation induced loss of cellular viability (vs. the Vehicle challenge group). (C) GLP-1+GIP mitigated 6-OHDA mediated cell death in rat primary VM neurons, particularly in combination with DPP-4 inhibition (DPP-4I: PF-00734,200 1 nM). All values are means  SEM; *p<0.05, *p<0.001, N.S.: no significant difference, one-way ANOVA, Dunnett’s multiple comparison test vs. Vehicle or Control group. (n = 3 to 4 per group).

Discussion		

Dipeptidyl peptidase-4 is a cell surface serine peptidase that cleaves N-terminal dipeptides possessing the second residue of a proline or alanine, such as in the incretins GLP-1 and GIP [7-9, 32, 54]. In addition to its localization to cellular membranes, a soluble DPP-4 (sDPP-4) form abundantly occurs in plasma and biological fluids that retains peptidase activity but has no tethering transmembrane or cytosolic domains [54]. DPP-4 protein is highly expressed within the small intestine, kidney and lungs [54, 55]. In relation to the nervous system, high DPP-4 expression has been described in the developing brain and spinal cord, but a barely detectable level of protein is found in adult healthy brain [56]. In several studies, DPP-4 distribution has been analyzed by autoradiography after intravenous administration of the labeled DPP-4 ligand BI1356 [56], and available data suggest that DPP-4 is mainly a peripheral enzyme. Nevertheless, DPP-4 immunoreactivity has been reported in striatum, on the microvasculature endothelial wall of central and peripheral nervous systems [57], and on the luminal surface of ependymal cells in the cerebral ventricles [58]. Notably, whereas DPP-4 immunoreactivity is generally not found in naïve adult brain, its expression is time-dependently seen in microglia, astrocytes and neurons following cerebral ischemia [59]. In spinal cord, inflammation caused a 5-fold elevation in DPP-4 protein levels, particularly in astrocytes, via post-transcriptional regulatory mechanisms following ischemia, and DPP-4 inhibition provided anti-hyperalgesic effects [60]. The regional localization and levels of DPP-4 and sDPP-4, particularly in an inflammatory or pathological state, can potentially lower circulating endogenous incretin levels and, in particular, those that gain access into the central and peripheral nervous system.

Our hypothesis is that elevated incretin levels in brain and plasma, induced by gliptin-mediated inhibition of DPP-4 activity, will provide both neuroprotective and neuroregenerative actions in cell culture and in vivo following lethal and sub-lethal insults to dopaminergic neurons. This hypothesis is supported by preclinical studies of incretin mimetics inacross cellular and animal models of dopaminergic cell loss and PD [35, 61, 62] and, additionally, by the successful efficacy of the GLP-1 receptor agonist Exenatide in patients with moderate PD [26-30]. Interestingly, in human epidemiological studies, patients with T2DM are at a 35% elevated risk for developing PD [63]; however. However, this is significantly reduced in those patients taking incretin mimetics or DPP-4 inhibitors [64, 65]. in line with our administration of gliptins prior to 6-OHDA unilateral lesion mitigating ensuing PD-associated effects in our pretreatment animal model. Our prior studies [51, 66, 67] as well as those of others [18, 23, 25, 68] have, in particular, demonstrated that unimolecular dual (GLP-1+GIP) receptor agonist incretin mimetics, as well as triple (GLP-1+GIP+ Glucagon) receptor agonists, are superior to single GLP-1 receptor agonists in providing neuroprotective and neurotrophic actions in cellular and animal models of neurodegenerative disorders [19, 22]; this. This is confirmed in our SH-SY5Y and VM cellular studies herein (Fig. 8).8). In these studies, the co-administration of a subtherapeutic concentration of GLP-1 or GIP singly, resulted in a statistically significant neurotrophic (Fig. 8A) or neuroprotective (Fig. 8B) action when GLP-1 and GIP were combined. Notably, DPP-4 inhibition simulates dual agonist incretin mimetics and, unlike subcutaneous injection of a therapeutic peptide, gliptins are small molecular weight, inexpensive, orally bioavailable drugs. Our in vivo studies in rodents support the presence of both drug targets, the receptors for GIP and GLP-1, in brain across age, reported here for the first time, and additionally demonstrated the preservation of these receptors in striatum following a 6-OHDA unilateral medial forebrain bundle lesion as well as in human PD brain (Fig. 1). Future follow up studies in a larger number of samples would be valuable.

Optimization of the 6-OHDA model in the rat was undertaken to support neuroprotection and neuroregeneration efficacy studies, in order to evaluate the therapeutic value of gliptins under steady-state conditions that mirror their clinical use in humans in relation to both route of administration (oral) and dose – following normalization between species based on body surface area, in accord with FDA guidelines [33]. Again, our choice of gliptin doses is based on translation of the routine human dose in T2DM (100 mg in a 65 kg patient: equivalent to 10 mg/kg in a rat) and a three-fold higher tolerated dose in humans [34] (equivalent to 30 mg/kg in a rat). Quantification of plasma sitagliptin and PF-00734,200 was undertaken in rat following a 10 mg/kg oral dose (Table 1) and demonstrated drug levels that closely align with those reported in human studies following administration of the routine dose used for T2DM [69, 70]. Specifically, a total plasma level of 976 nmol/L sitagliptin was found in our rat study and concentrations of 959 nmol/L [70], 817 nmol/L [69] , and 747 nmol/L [71] have been reported in human plasma samples. Hence, the present rat study truly evaluated gliptin drug doses supporting the repositioning sitagliptin and PF-00734,200 for PD, rather than potentially clinically “irrelevant” doses that are not achievable in humans. In this light, evaluation of neuroprotective actions was undertaken by initiating gliptin treatment in rat prior to a 6-OHDA unilateral lesion. Both PF-00734,200 and sitagliptin (10 mg/kg/day) significantly reduced meth-induced rotational behavior and mitigated depletion of TH immunoreactivity both within the striatum and SNc (Fig. 2). Evaluation of neuroregenerative actions was undertaken by initiating gliptin treatment 7 days post 6-OHDA unilateral lesion, a time associated with a marked loss of dopaminergic neuronal phenotypic markers. Gliptin treatment (sitagliptin or PF-00734,200 – both at 30 mg/kg daily) lessened meth-induced rotational behavior (Fig. 3). This was associated with a gliptin-induced mitigation in 6-OHDA induced loss of brain DA levels, particularly within the SNc (Fig. 6).

Analysis of TH immunohistochemistry demonstrated a gliptin-induced partial protection of the SNc (Fig. 5), in accord with elevations of DA within this brain region. Specifically using immunohistochemical analysis, we found that TH immunoreactivity in striatum was significantly protected by early oral treatment with gliptins (Fig. 4).  In contrast, no protection was found in animals receiving i.c.v. gliptin (PF-00734,200) (Supplemental Fig. 2). In this scenario, the direct administration of a gliptin into the brain bypasses its normal systemic actions on incretins that are released from gastrointestinal L and K cells. This suggests that the neurotrophic/protective efficacy afforded by systemic (oral) gliptin administration was not mediated by a direct brain gliptin neuroprotective effect but, rather, by the systemic gliptin action to inhibit DPP-4 and, by this means, to elevate CNS incretin levels secondary to elevation of systemic levels. Whereas systemic GLP-1 and GIP are known to enter the brain 14-19,[14-19], sitagliptin’s brain access is relativelyremarkably low (brain/plasma ratio 0.07 (Table 1) and PF-00734,200’s more substantial (brain plasma ratio 0.62). Likewise, we found that these gliptins reduced dopaminergic neurodegeneration in the SNc region. In animals receiving delayed gliptin treatment, a significant increase in TH immunoreactivity in striatum or SNc was found after chronic sitagliptin treatment. In this regard, PF‐00734,200 was less potent than sitagliptin in rescuing dopaminergic neurons in SNc (Fig. 4). In relation to levels of DPP-4 inhibition and lowering markers of neuroinflammation, both gliptins demonstrated largely similar efficacy (Fig. 7). Potentially accounting for sitagliptin’s low brain concentration and brain/plasma ratio following oral administration (Table 1), this drug has been reported to be a substrate for the multi-drug resistance transporter P-glycoprotein at the level of the kidney [72]. This same drug efflux transporter is present at the level of the cerebral microvasculature and likely accounts for sitagliptin’s low brain levels, which are 8- to 10-fold greater in mutant mice that lack a functional P-glycoprotein transporter [72]. The mitigation of markers of dopaminergic loss (TH immunoreactivity, DA, etc.) following a unilateral 6-OHDA lesion in the presence of a very low sitagliptin brain concentration provides further support of the hypothesis that sitagliptin’s brain efficacy is mediated in large part by induced elevations in GLP-1 and GIP, rather than by direct drug brain levels.

The protective effect of oral gliptins was further supported by tissue DA HPLC analysis at 1-2 months after lesioning. LesioningSpecifically, lesioning with 6-OHDA greatly reduced DA levels in SNc and striatum. Similar to the TH immunostaining, loss of DA levels on the lesion side striatum and SNc was significantly mitigated by delayed treatment with sitagliptin (Fig. 6). We did not find a significant amelioration in DA loss by PF‐00734,200. These biochemical data suggest that sitagliptin is more potent than PF-00734,200 in protecting against 6-OHDA–mediated DA loss in striatum or SNc. 

Our in vivo gliptin studies used the unilateral 6-OHDA lesion model of PD of Ungerstedt and colleagues [37-40] in which the stereotaxic unilateral injection of 6-OHDA into the medial forebrain bundle of rats results in a marked loss of classical dopaminergic markers and DA levels both in the SNc due to retrograde axonal transport as well as in dopamine terminals in the striatum ipsilateral to injection. In this model, pharmacological challengetreatment with amphetamine (or an analogue) that causes DA release and inhibition of uptake, results in a rotational behavior consequent to a disparity of synaptic DA levels in the lesioned vs. unlesioned side [37, 72, 73, 74]. Under ordinary circumstances, in the absence of pharmacological challenge, lesioned animals largely behave relatively normally. Additionally, sham (unlesioned) animals show no difference in their dopaminergic innervation or DA levels on either side of the brain and, hence, have no turning response to amphetamine challenge [38]. In this respect, the non-lesioned side of the brain is widely used as a ‘control’ in relation to the lesioned side when quantifying dopaminergic markers in the unilateral 6-OHDA lesion model (Figure 3 in [41]). Furthermore, the vehicle-treated unilateral 6-OHDA lesioned group is used as a ‘control’ when evaluating the actions of an experimental drug to mitigate dopaminergic marker loss [42-44]. 

Our results are in line with prior preclinical reports demonstrating that sitagliptin as well as the GLP-1R agonist liraglutide mitigated motor deficits, striatal DA loss, SNc dopaminergic neuronal degeneration and neuroinflammation in a rat rotenone model of PD [74, 75, 76]. Vildagliptin, similarly, has been reported to mitigate striatal DA loss, neuroinflammation and motor deficits in the rat rotenone PD model [7677]; it. It was also reported to reduce neuronal degeneration and markers of oxidative stress, and to normalize neurotransmitter and neurotrophic factor levels in the striatum of a rat 3-nitropropionic acid (3NP) model of late-stage Huntington’s disease [7778]. Likewise, administration of saxagliptin in the rat rotenone PD model has been described to preserve TH levels within the SNc and mitigate striatal declines in DA and TH levels, as well as to lower markers of neuroinflammation and apoptosis [7879]. In a similar manner, alogliptin has been recently reported to do the same in rotenone challenged PD rats [7980]. As recently reviewed by Maanvi and colleagues [8081], gliptins have additionally demonstrated neuroprotective and anti-inflammatory properties sufficient to mitigate behavioral deficits in selected rodent models of AD and ischemic stroke, thereby supporting their therapeutic potential across different models of neurodegeneration.

In the light of two prior reports demonstrating that linagliptin can augment neural stem cell proliferation after ischemic stroke in diabetic mice [8182] and that sitagliptin augmented hippocampal neurogenesis in high-fat-fed mice [8283], we evaluated neurogenesis in our 6-OHDA PD model. This was undertaken by post-lesion administration of BrdU and assessment of its immunoreactivity at the level of the SVZ, striatum and SNc. Both gliptins augmented neural progenitor cells bilaterally as assessed 21 days post lesion. BrdU has a short half-life of 2 hours and can label newly proliferatedproliferating cells on the days of BrdU injection. We and others have previously demonstrated that brain injury increases BrdU labeled cells chiefly within the SVZ in an animal model of stroke [83, 84, 85]. These BrdU-labeled cells also co-expressed neural progenitor cell (NPC) markers, such as Musashi-1, in the SVZ. The NPCs can migrate to the lesioned area and may differentiate into neurons to support neurorepair. In our study, BrdU was chronically administered from days 8 to 20. Animals were euthanized on day 21. We found that delayed oral treatment with PF-00734,200 or sitagliptin increased BrdU labeling in lesioned striatum, but not in SVZ.  It is hence likely that gliptins enhanced the migration of NPCs to the lesioned striatum.  However, these cells did not express TH in striatum. The function of these BrdU (+) cells requires further investigation, particularly at times longer than 21 days post-lesioning, as in the present study, to allow these new cells more time to express their phenotypic markers. Of note, although quantifying the temporal and spatial expression of BrdU immunoreactivity is widely used in the evaluation of neurogenesis, several caveats exist with the use of this technique [86]. BrdU is marker of DNA synthesis, rather than cell proliferation, and hence it must be considered that BrdU immunohistochemistry not only detects newly dividing cells within the brain, but also cells potentially undergoing DNA repair or abortive cell cycle reentry. 

Finally, in the light of the promising efficacy of clinically translatable oral doses of sitagliptin in this study, and the preservation of the GLP-1 and GIP receptors across age, and in rodent and human PD, evaluation of sitagliptin is warranted in female 6-OHDA challenged rats, as well as larger animal models. This is needed to determine whether the drug can achieve similar levels of DPP-4 inhibition and incretin elevations associated with efficacy in the present study. Prior human studies have demonstrated the efficacy and safety of sitagliptin across genders in T2DM [8587] , and that there is no clinically meaningful effect of age or gender on its pharmacokinetics [8688] .

Conclusion 
Sitagliptin (Januvia) is one of 4 FDA approved, well-tolerated and widely used drugs in T2DM. In general, this class of drug is not associated with hypoglycemia, allowing use in normoglycemic non-diabetics. The gliptins’ proven pharmacological action is to inhibit the activity of DPP-4 and, thereby, to elevate the levels of the endogenous incretins GLP-1 and GIP [4, 5]. The beneficial neuroprotective and neuroregenerative actions at two clinically translational doses and route of administration in our 6-OHDA rat model of PD, strongly support the further evaluation of this class of drug as a new treatment strategy for PD. This view is substantiated by the known role of DPP-4 in inflammation [87-89-91], the involvement of inflammation in PD progression and aging [19, 90-9492-96], the maintenance of the drug targets GLP-1R and GIPR across age and in PD brain, and the efficacy of the GLP-1R agonist exenatide in phase 2 clinical trials in moderate PD [28-30]. 
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Supplemental Figures
S Fig 1.
[image: ]
Supplemental Fig 1: Chronic treatment with PF-00734,200 (PF) or sitagliptin (Sita) did not alter body weight in 6‐OHDA lesioned animals. Animals received vehicle (Veh), PF or sita (12 mg/kg daily) from days 7 after 6‐OHDA lesioning. Body weight was examined one day before and 28 days after 6‐OHDA lesioning. (all values are means  SEM). No difference was found among these drug treatments (One way ANOVA) (n8 across groups).


S Fig 2.

[image: ]
Supplemental Fig 2: Direct brain (i.c.v.) administration of PF-00734,200 failed to reduce methamphetamine (meth)-induced rotation or provide neuroprotection in 6-OHDA-lesioned rats, in contrast to oral PF-00734,200.  (A) PF-00734,200 was administered directly into the brain (i.c.v.) immediately prior to a 6-OHDA unilateral lesion to define whether the neuroprotective action of PF-00734,200 (evident in Fig. 2 main manuscript text) was mediated via direct drug action, rather than a drug-induced elevation of systemic and central incretins. (B) Meth-induced rotation (evaluated on day 30) was not different between PF-00734,200 i.c.v. and vehicle i.c.v. treated animal groups. (C) Evaluation of TH staining in striatum and substantia nigra pars compacta (SNc) demonstrated a lack of neuroprotection in PF-00734,200 i.c.v. administered rats, in contrast to those administered the drug orally. All values are means  SEM (n=8 vehicle (sterile physiological saline, 20 μL); n=6 PF-00735,200).



S Fig 3.
[image: Chart

Description automatically generated]
Supplemental Fig 3: Delayed oral treatment with low dose PF‐00734,200 (PF) did not alter rotational behavior and DA levels in 6‐OHDA lesioned rats. A 6-OHDA unilateral medial forebrain bundle lesion was performed on day 0. Thereafter, low dose of PF‐00734,200 (10 mg/kg daily) or vehicle was given daily from days 7 to 35(green line in (A)) after 6‐OHDA lesioning in 14 rats (n=7/group). (A) PF‐00734,200 did not alter rotational behavior (p=0.511, two‐way ANOVA). (B) Striatal and substantia nigra tissues were collected on day 35 post lesion. Delayed treatment with PF did not alter DA level in both areas (all values are means  SEM; striatum, p=0.18; substantia nigra, p=0.17, t‐test).

1

1

image1.emf



Rodent brain
Cerebral cortex GLP-1R protein



140
120
100



80
60
40
20



0



G
LP



-1
R/



 b
-a



ct
in



(%
 5



-m
on



th
 v



al
ue



)



140
120
100



80
60
40
20



0



G
IP



R/
 b



-a
ct



in
(%



 5
-m



on
th



 v
al



ue
)



31155 Age (months)



31155 Age (months)



140
120
100



80
60
40
20



0Re
ce



pt
or



 e
xp



re
ss



io
n



(%
 c



on
tr



ol
 v



al
ue



)



GLP-1R/b-actin GIPR/b-actin



6-OHDA rodent model
GLP-1R & GIPR expression



Right striatum
(control side)



Left striatum
(lesion side)



6-OHDA rodent model
TH expression



TH
 e



xp
re



ss
io



n
(%



 c
on



tr
ol



 v
al



ue
)



62 KD



49 KD



38 KD



TH



b-actin



Rat 1 Rat 2
R L R L



Human brain
Substantia nigra GLP-1R & GIPR



Control PD 1 PD 2  (GLP-1R)



Control PD 1 PD 2  (GIPR)



GLP-1R



a-tubulin



GIPR



a-tubulin



A1



A2



B1 B2



B3



C1



C2



80
60
40
20



0



120
100



Right striatum
(control side)



Left striatum
(lesion side)



Cerebral cortex GIPR protein



***










Rodent brain

Cerebral cortex GLP-1R protein

140

120

100

80

60

40

20

0

G

L

P

-

1

R

/

 

b

-

a

c

t

i

n

(

%

 

5

-

m

o

n

t

h

 

v

a

l

u

e

)

140

120

100

80

60

40

20

0

G

I

P

R

/

 

b

-

a

c

t

i

n

(

%

 

5

-

m

o

n

t

h

 

v

a

l

u

e

)

31 15 5 Age (months)

31 15 5 Age (months)

140

120

100

80

60

40

20

0 R

e

c

e

p

t

o

r

 

e

x

p

r

e

s

s

i

o

n

(

%

 

c

o

n

t

r

o

l

 

v

a

l

u

e

)

GLP-1R/

b

-actinGIPR/

b

-actin

6-OHDA rodent model

GLP-1R & GIPR expression

Right striatum

(control side)

Left striatum

(lesion side)

6-OHDA rodent model

TH expression

T

H

 

e

x

p

r

e

s

s

i

o

n

(

%

 

c

o

n

t

r

o

l

 

v

a

l

u

e

)

62 KD

49 KD

38 KD

TH

b

-actin

Rat 1 Rat 2

R L R L

Human brain

Substantia nigra GLP-1R & GIPR

Control PD 1 PD 2  (GLP-1R)

Control PD 1 PD 2  (GIPR)

GLP-1R

a

-tubulin

GIPR

a

-tubulin

A1

A2

B1 B2

B3

C1

C2

80

60

40

20

0

120

100

Right striatum

(control side)

Left striatum

(lesion side)

Cerebral cortex GIPR protein

***


image2.emf



TH
 im



m
un



or
ea



ct
iv



ity
 o



pt
ic



al
 d



en
sit



y



TH
 im



m
un



or
ea



ct
iv



ity
 o



pt
ic



al
 d



en
sit



y



Ro
ta



tio
n 



(t
ur



ns
/h



ou
r)



B



C



TH
 im



m
un



or
ea



ct
iv



ity
 o



pt
ic



al
 d



en
sit



y
(%



 n
on



-le
sio



ne
d 



sid
e 



co
nt



ro
l)



D



Vehicle



PF-00734,200



Sitagliptin



E
Vehicle PF-00734,200      Sitagliptin



Intact Intact IntactLesioned Lesioned Lesioned



Striatum Substantia Nigra



F



G
*



*



Veh
PF
Sita



6-OHDA
lesioning



Days after lesioning



0 10 20 30



Sita



Veh
PF



H



*
*



Day: 0 7 20 30



Treatment



6-OHDA
lesion



Methamphetamine-
induced rotation



A



-7



Early gliptin treatment



Immunohistochemistry



35










T

H

 

i

m

m

u

n

o

r

e

a

c

t

i

v

i

t

y

 

o

p

t

i

c

a

l

 

d

e

n

s

i

t

y

T

H

 

i

m

m

u

n

o

r

e

a

c

t

i

v

i

t

y

 

o

p

t

i

c

a

l

 

d

e

n

s

i

t

y

R

o

t

a

t

i

o

n

 

(

t

u

r

n

s

/

h

o

u

r

)

B

C

T

H

 

i

m

m

u

n

o

r

e

a

c

t

i

v

i

t

y

 

o

p

t

i

c

a

l

 

d

e

n

s

i

t

y

(

%

 

n

o

n

-

l

e

s

i

o

n

e

d

 

s

i

d

e

 

c

o

n

t

r

o

l

)

D

Vehicle

PF-00734,200

Sitagliptin

E

Vehicle PF-00734,200       Sitagliptin

Intact Intact Intact Lesioned Lesioned Lesioned

Striatum Substantia Nigra

F

G

*

*

Veh

PF

Sita

6-OHDA

lesioning

Days after lesioning

0 10 20 30

Sita

Veh

PF

H

*

*

Day: 0 7 20 30

Treatment

6-OHDA

lesion

Methamphetamine-

induced rotation

A

-7

Early gliptin treatment

Immunohistochemistry

35


image3.emf



A



Day: 0 7 20 30 40



Treatment



6-OHDA
lesion



Methamphetamine-induced 
rotation



Delayed gliptin treatment



Immunohistochemistry



45



20 30 40
Days after lesioning



R
ot
at
io
n



(t
ur



ns
/6



0 
m



in
)



B



800



1000



1200



200



400



600



0



Veh
PF
Sita










A

Day: 0 7 20 30 40

Treatment

6-OHDA

lesion

Methamphetamine-induced 

rotation

Delayed gliptin treatment

Immunohistochemistry

45

20 30 40

Days after 

lesioning

R

o

t

a

t

i

o

n

(

t

u

r

n

s

/

6

0

 

m

i

n

)

B

800

1000

1200

200

400

600

0

Veh

PF

Sita


image4.emf



C1 C2 C3



* * *



Non-lesioned
Veh



Non-lesioned Non-lesioned 6-OHDA-lesioned6-OHDA-lesioned 6-OHDA-lesioned
PF SitaA1 A2 A3A



C



SVZ Striatum
B
B1



B2



B3BrdU SVZ BrdU StriatumTH Striatum



100 µm



200 µm



Veh



PF



Sita










C1 C2 C3

*

*

*

Non-lesioned

Veh

Non-lesioned Non-lesioned 6-OHDA-lesioned 6-OHDA-lesioned 6-OHDA-lesioned

PF Sita

A1 A2 A3

A

C

SVZ Striatum

B

B1

B2

B3

BrdU SVZ BrdU Striatum TH Striatum

100

µ

m

200

µ

m

Veh

PF

Sita


image5.emf



A



B



C



D



Veh



PF



Sita



TH
 c



el
l d



en
si



ty
 (%



 v
eh



 c
on



tro
l)



TH
 c



el
l d



en
si



ty
 (%



 v
eh



 c
on



tro
l)










A

B

C

D

Veh

PF

Sita

T

H

 

c

e

l

l

 

d

e

n

s

i

t

y

 

(

%

 

v

e

h

 

c

o

n

t

r

o

l

)

T

H

 

c

e

l

l

 

d

e

n

s

i

t

y

 

(

%

 

v

e

h

 

c

o

n

t

r

o

l

)


image6.emf



Striatum NigraA



Veh PF Sita Veh PF Sita



B










Striatum Nigra

A

Veh PF Sita

Veh PF Sita

B


image7.emf



CSF GIP



PF
n=10



Veh
n=15



Sita
n=7



CSF GLP-1



PF
n=10



Veh
n=10



Plasma GIP



Plasma GLP-1



PF
n=10



Veh
n=14



Sita
n=7



PF
n=10



Veh
n=10



Sita
n=7



B C DPlasma DPP-4 activity



Veh
n=16



PF
n=13



Sita
n=7



Brain DPP-4 activity



Veh
n=10



PF
n=10



Sita
n=7



A



Brain TNF-a



Brain IL-6 



Brain Iba1 



Veh
n=10



Veh
n=10



Veh
n=10



Sita
n=7



Sita
n=7



Sita
n=7



PF
n=10



PF
n=10



PF
n=10



0
20
40
60
80



100
120



Vehicl e Hig h Sita Hig h PF



Brain GFAP



G
FA



P/
tu



bu
lin



 (%
 o



f c
on



tr
ol



)



Veh
n=10



Sita
n=7



PF
n=10



*










CSF GIP

PF

n=10

Veh

n=15

Sita

n=7

CSF GLP-1

PF

n=10

Veh

n=10

Plasma GIP

Plasma GLP-1

PF

n=10

Veh

n=14

Sita

n=7

PF

n=10

Veh

n=10

Sita

n=7

B C D

Plasma DPP-4 activity

Veh

n=16

PF

n=13

Sita

n=7

Brain DPP-4 activity

Veh

n=10

PF

n=10

Sita

n=7

A

Brain TNF-

a

Brain IL-6 

Brain Iba1 

Veh

n=10

Veh

n=10

Veh

n=10

Sita

n=7

Sita

n=7

Sita

n=7

PF

n=10

PF

n=10

PF

n=10

0

20

40

60

80

100

120

Vehicle High Sita High PF

Brain GFAP

G

F

A

P

/

t

u

b

u

l

i

n

 

(

%

 

o

f

 

c

o

n

t

r

o

l

)

Veh

n=10

Sita

n=7

PF

n=10

*


image8.jpeg
A Neurotrophic actions in SH-SY5Y human neuroblastoma cells

%‘ 180
£ 160 a Xk
8 140 ==
% 120
] 100
E 80
3 60
£
= 2
8 o
Control  GLP-1 GLP-1 Gip GIP GLP-1+GIP
(10nM)  (100nM)  (10nM) (100 nM) (10+10 nM)
B Neuroprotection in SH-SY5Y human neuroblastoma cells
= 120 = 120
H H
£ 100 £ 100 =
S S
5 80 5 ¥ NS. x
B e g e
N.S. *
40 40
” . I B
o o
Control  Vehicle  GLP-1 GIP  GLP-1+GIP Control ~ Vehicle ~ GLP-1 GP  GLP-1+GIP
(100nM) (100 nM (100+100 nM) (10nM) (10nM)  (10+10 nM)
-
6-OHDA (30 uM) Serum starvation
C Neuroprotection in rat ventromesenphalic primary cultures
= 140
I3 NS.
£ 120 f—————— *
§  E— *
g 100 *
5
R 8
Z 60
2 a0
i® .
8 o
Control  Vehicle ~ DPP-41  GLP-1+GIp GLP-1+GIP+DPP-41
(1nM)  (30+30nM)  (30+30+1nM)

6-OHDA (100 p1M)




image9.emf



Veh PF SitaVeh PF Sita



Before drug treatment Day 28 of drug treatment
Bo



dy
 w



ei
gh



t (
%



 V
eh



 c
on



tro
l) p=0.447 p=0.576   120



100



80



60



40



20



0



120



100



80



60



40



20



0










Veh PF Sita Veh PF Sita

Before drug treatment Day 28 of drug treatment

B

o

d

y

 

w

e

i

g

h

t

 

(

%

 

V

e

h

 

c

o

n

t

r

o

l

)

p=0.447 p=0.576   

120

100

80

60

40

20

0

120

100

80

60

40

20

0


image10.emf



ro
ta



tio
n 



(tu
rn



s/
 6



0 
m



in
)



0



200



400



600



800



1000



veh icv (n=8)
PF icv (n=6)



!!!
!R
ot
a&



on
!(t
ur
ns
/6
0!
m
in
)!



I.C.V.!PF800734,200!



Day!30!post!68OHDA!lesion!



Neuroprotec)on:,Treatment,with,i.c.v.,PF#00734,200,5,
unlike,oral,administra)on,5,did,not,reduce,ipislateral,
rota)on,in,65OHDA,induced,hemiparkinsonian,rats.!!



Day 30 post 6-OHDA unilateral lesion



Intact Intact Intactlesioned lesioned lesioned
#151 #211#158



Veh PF i.c.v. PF oral



A1 B1 C1 D1



A2 B2 C2 D2



200 μm



Veh i.c.v. (n=8)
PF i.c.v. (n=6)



A



B C










r

o

t

a

t

i

o

n

 

(

t

u

r

n

s

/

 

6

0

 

m

i

n

)

0

200

400

600

800

1000

veh icv (n=8)

PF icv (n=6)

!

!

!

!

R

o

t

a

&

o

n

!

(

t

u

r

n

s

/

6

0

!

m

i

n

)

!

I.C.V.!PF800734,200!

Day!30!post!68OHDA!lesion!

N e u r o p r o tec)on:,Treatment,with,i.c.v.,PF#0 0 7 3 4 , 2 0 0 , 5 , u n l i k e , o r al,administra)on,5,did,not,reduce, i p i s l a t e r a l , r o t a ) o n , in,65OHDA,induced,hemiparkinso n i a n , r a t s . ! !

Day 30 post 6-OHDA unilateral lesion

Intact Intact Intact lesioned lesioned lesioned

#151 #211 #158

Veh PF i.c.v. PF oral

A1 B1 C1 D1

A2 B2 C2 D2

200 μm

Veh i.c.v. (n=8)

PF i.c.v. (n=6)

A

B C


image11.png
DA ratio (L/R))

1400

= 12001 —eo— vehicle
g —a— PF
£ 1000
~
7]
£ 800 4
S
=
c 600
O
o 400 A
o 6-OHDA
0 200 - ¢l

0 g

0 10 20 30 40
Days after 6-OHDA lesioning
striatum nigra
1.0 1.0
= vehicle s
== yehicle

08 = PF 0.8 PF
0.6 0.6
04 04
0.2 0.2

0.0 0.0




