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Abstract
[bookmark: _Hlk22801166]A limiting factor for oral delivery of macromolecules is low intestinal epithelial permeability. 1-phenylpiperazine (PPZ), 1-(4-methylphenyl) piperazine (1-4-MPPZ), and 1-methyl-4-phenylpiperazine (1-M-4-PPZ) have emerged as potential permeation enhancers (PEs) from a screen carried out by others in Caco-2 monolayers. Here, their efficacy, mechanism of action, and potential for epithelial toxicity were further examined in Caco-2 cells and isolated rat intestinal mucosae. Using high content analysis, PPZ and 1-4-MPPZ decreased mitochondrial membrane potential and increased plasma membrane potential in Caco-2 cells to a greater extent than 1-M-4-PPZ.   The Papp of the paracellular marker, [14C]-mannitol, and of the peptide, [3H]-octreotide, were measured across rat colonic mucosae following apical addition of the three piperazines. PPZ and 1-4-MPPZ induced a concentration-dependent decrease in transepithelial electrical resistance (TEER) and an increase in the Papp of [14C]-mannitol without causing histological damage. 1-M-4-PPZ was without effect.  The piperazines caused the Krebs-Henseleit buffer pH to become alkaline, which partially attenuated the increase in Papp of [14C]-mannitol caused by PPZ and 1-4-MPPZ. Only addition of 1-4-MPPZ increased the Papp of [3H]-octreotide. Pre-incubation of mucosae with two 5-HT4 receptor antagonists, a loop diuretic, and a myosin-light chain kinase inhibitor reduced the permeation enhancement capacity of PPZ and 1-4-MPP for [14C]-mannitol. 1-4-MPPZ holds most promise as a PE, but intestinal physiology may also be impacted due to multiple mechanisms of action.   
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	1-4-MPPZ
	1-(4-methylphenyl)piperazine

	1-M-4-PPZ
	1-methyl-4-phenylpiperazine

	BZP
	N-benzylpiperazine

	CPE
	Chemical permeation enhancer

	FCCP
	Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

	FITC
	Fluorescein isothiocyanate

	Isc
	Short circuit current

	KH
	Krebs-Henseleit buffer

	MDMA
	3,4-methylenedioxymethamphetamine

	ML9
	1-(5-chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine

	MLCK
	Myosin light chain kinase

	MMP
	Mitochondrial membrane potential 

	MTT
	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium

	Na/K/2Cl
	Sodium/potassium/chloride cotransporter

	Papp 
	Apparent permeability coefficient

	PKA
	Protein kinase A

	PKC
	Protein kinase C

	PMP
	Plasma membrane potential 

	PPZ
	1-phenylpiperazine

	TEER
	Transepithelial electrical resistance



2

Introduction
Over 90% of the currently available macromolecules are administered parenterally, routes associated with low patient compliance [1]. Some of the main challenges limiting bioavailability following oral macromolecule delivery are the chemical and physical barriers in the gastrointestinal (GI) tract, i.e. pH sensitivity, enzymatic degradation, and low permeability across the small intestinal epithelium. Strategies to overcome these problems include formulation with intestinal chemical permeation enhancers (CPEs), nanoparticles, and combination devices [2–5]. A range of CPEs have been investigated in solid dose oral formulations of peptides and poorly permeable molecules including medium chain fatty acid derivatives, acylcarnitines, and bile salts [6, 7]. Even though some oral peptide formulations with CPEs have completed Phase III trials, bioavailability remains typically < 1% and variable, and current candidate peptides are therefore largely restricted to highly potent molecules with long half-lives [8, 9]. The once-a-day oral semaglutide (RYBELSUS®, Novo-Nordisk, Copenhagen, Denmark) fulfilled such characteristics and used a long-established CPE, salcaprozate sodium (SNAC) [10].  Despite this recent success, the search for more potent CPEs with better efficacy combined with low toxicity continues.    
In 2008, Whitehead et al. [11] assembled a library of 51 CPEs from 11 chemical categories including surfactants, bile salts, fatty acids, and nitrogen-containing rings. Molecules in the library were screened to select candidates with a high ratio of enhancement potential: toxic potential in Caco-2 monolayers. From this in vitro screen, 1-phenylpiperazine (PPZ) emerged as the least cytotoxic and most efficacious molecule, increasing the apparent permeability coefficients (Papp) of [3H]-mannitol and 70 kDa FITC-dextran across Caco-2 monolayers by 14- and 11-fold, respectively [11]. Biological membranes can be sensitive to minor changes in the molecular structure of CPEs, therefore the same group further investigated a focussed library of piperazine derivatives [12]. These molecules were tested at 1, 3, 10, and 30 mM and their cytotoxicity was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay; their enhancement potential was confirmed from measurements of the permeability of calcein across Caco-2 monolayers.  Most of the piperazine derivatives displayed an increase in enhancement potential with increasing concentration. Derivatives of piperazine with the addition of a single methyl group showed good enhancement potential with relatively low cytotoxicity. From this second Caco-2 cell screen, PPZ and two of derivatives, 1-methyl-4-phenylpiperazine (1-M-4-PPZ) and 1-(4-methylphenyl)piperazine (1-4-MPPZ) (Fig. 1) emerged as the agents with the highest CPE potential. PPZ was confirmed as efficacious, but it was quite cytotoxic at a concentration of 10 mM, whereas 1-M-4-PPZ displayed promising enhancement potential with little cytotoxicity at the same concentration. On the other hand, 1-4-MPPZ had the highest overall potential at a 10 mM concentration.
The first piperazine derivatives were introduced as anthelmintic drugs in 1953. Piperazine citrate and piperazine hydrate,  two leading anthelmintic agents, directly bind GABA receptors on Ascaris suum roundworm muscle membranes leading to hyperpolarisation and flaccid paralysis [13]. In 1970, N-benzylpiperazine (BZP) was tested as an anti-depressant, but trials were suspended because it induced amphetamine-like effects [14]. Nowadays, BZP can be found in designer drugs and is categorised as a controlled substance . Other piperazine derivatives such as 1-(3-chlorophenyl) piperazine (mCPP) are present in Ecstasy pills as a 3,4-methylenedioxymethamphetamine (MDMA) replacement and are associated with anxiety, dizziness, and increase in heart rate, but typically exert lower psychotropic effects than MDMA [15, 16]. A new unrelated piperazine derivative was recently included as an excipient in the insulin inhaler, Afrezza®, developed by MannKind Corporation (USA).  Afrezza® contains fumaryl diketopiperazine (FDKP), which adsorbs insulin and forms microparticles in a dry powder enabling insulin delivery across  the lungs [17]. So far, no evidence of pharmacological activity of FDKP in the lung has been reported [17, 18]. 
A previous publication by our group [19] confirmed that PPZ was also an efficacious CPE in rat intestinal mucosae mounted in Ussing chambers.  It did so without affecting histology in small intestinal- or colonic mucosae at low mM concentrations. This was an advance on the Caco-2 studies since the ex vivo models are less reductionistand can tolerate higher concentrations of CPEs than Caco-2 monolayers, albeit less than in vivo [20]. Mechanistic experiments from the same study indicated that PPZ increased intestinal paracellular permeability mediated at least in part by interacting with epithelial 5-HT4 receptors. 5-HT plays an important role in regulating GI physiology by initiating peristaltic and secretory reflexes [21]. It induces an increase in short circuit current (Isc) by decreasing net electrogenic flux of Na+ and Cl- in isolated rat colonic mucosae predominantly through 5-HT4 Gs-protein coupled receptors (GPRC), with an EC50 of 4 µM [22, 23]. Their activation leads to induction of the peristaltic reflex and chloride efflux in the intestine [24, 25]. 5-HT4 receptors are also expressed in the central nervous and peripheral nervous system and mainly signal by activating numerous GPCR-downstream intracellular pathways, primarily those mediated by cAMP- and protein kinase (PKA). For these reasons, we cautioned that PPZ was likely to be a CPE with extensive pharmacology.  
The study aims were to examine the two other derivatives emerging from the Caco-2 screen, 1-4-MPPZ and 1-M-4-PPZ, in a head-to-head comparison with PPZ for their capacity to increase permeability across isolated rat colonic mucosae without causing damage.  Colonic- rather than small intestinal tissue mucosae were selected for a comparative CPE screening assay because this region is more robust to dissection and mounting in Ussing chambers and is typically more sensitive to permeation-enhancing effects of CPEs, if present [2].  The paracellular pathway small molecule probe, [14C]-mannitol, and the peptide, [3H]-octreotide, were used as prototypes for poorly permeable molecules. Octreotide (1638 Da) is an analogue of the growth hormone-inhibiting hormone, somatostatin. While somatostatin has a t½ of  ~3 min, octreotide has a t½ of > 2 h when administered subcutaneously [26]. It is used for the treatment of acromegaly caused by growth hormone-secreting pituitary tumours and carcinoid tumours [27]. A long-acting formulation of octreotide has been developed where patients require an intramuscular injection with a painful low gauge needle on a monthly basis [28]. A retrospective analysis by Gurel et al. [29] has shown that many patients stop their treatment after less than 6 months, suggesting a need for an oral formulation. To this end, Chiasma (Jerusalem, Israel) are in Phase III trials with an oral oily suspension formulation of octreotide where sodium caprylate and polyvinyl pyrrolidone are incorporated as CPEs [30, 31]. Octreotide therefore was selected as a relevant peptide to test with the piperazine derivatives.   

Materials and Methods
Materials
[bookmark: OLE_LINK1]Heat inactivated foetal bovine serum (FBS), L-glutamine and non-essential amino acids were purchased from Gibco™, ThermoFisher Scientific (Waltham, MA, USA).  All dyes for HCA, Hoechst 33342, Fluo-4 AM, tetramethyl rhodamine methyl ester (TMRM) and TOTO-3 iodide were purchased from Invitrogen ™, ThermoFischer Scientific (Waltham, MA, USA). The CellTiter 96® AQueous Cell Proliferation Assay (MTS) was purchased from Promega (Madison, TX, USA). Phenylpiperazine (PPZ; CAS 92-54-6) and 1-(4-methylphenyl)piperazine (1-4-MPPZ; CAS 39593-08-3) were supplied by Sigma-Aldrich (Ireland). 1-methyl-4-phenylpiperazine (1-M-4-PPZ; CAS 3074-43-9) was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). D-[1-14C]-mannitol (specific activity 250 µCi/mmol) was obtained from Perkin Elmer (Waltham, MA, USA) and Ecosint A (National Diagnostics, Atlanta, GA, USA) was used as scintillation cocktail. [3H]-octreotide (specific activity 0.7 Ci/mmol) was purchased from Moravek Inc. (Brea, CA, USA).  All other reagents and chemicals were of analytical grade and were sourced from Sigma-Aldrich (Ireland). 

High content analysis (HCA) assay in Caco-2 cells
Caco-2 cells (P59-64) were obtained from European Collection of Cell Cultures (ECACC) and maintained in Dulbecco’s Modification of Eagle’s high glucose medium (DMEM) with phenol red supplemented with 10% FBS, 2 mM L-glutamine and 1% non-essential amino acids. The effect of 2 h exposure of PPZ and its two derivatives on Caco-2 cells was investigated  using a standard MTS assay and an established HCA protocol [32]. For the MTS assay, cells were seeded at density of 1x105 cells/cm2.  At 24 h, they were treated with 0.5 – 30 mM of the PPZ derivatives for 2 h before the MTS reagent was added. For the HCA assay, cells  were seeded onto poly-L-lysine coated Nunclon® 96-well pates (Thermo Fisher, Scientific, Waltham, MA, USA) at a seeding density of 60000 cells/well and placed back into incubator (37°C, 95%O2/5% CO2) for 24 h to facilitate cell attachment. The next day, cells were treated with DMEM containing 0.5 – 30 mM PPZ, 1-4-MPPZ or 1-M-4-PPZ. After 2 h, treatments were removed and replaced with a dye mix containing Hoechst 33342, Fluo-4, TMRM and TOTO-3 (Table I) and incubated for 50 min before 100 µM carbonyl cyanide-p-trifluorometoxyphenylhydrazone (FCCP), 1 µM ionomycin (iono) and 0.05% Triton™ X-100 as positive controls for mitochondrial membrane potential (MMP), intracellular calcium and plasma membrane potential (PMP), respectively, were added. Images were acquired using an In-Cell® 1000 High Content Analyzer (GE Healthcare, UK), 10x magnification, using multi-target analysis, as described previously [32]. The excitation/emission wavelength for each dye are given in Table I. 

Dissection of intestinal tissue mucosae and electrophysiology
Male Wistar rats (250-300 g; Charles River, UK and UCD Biomedical Facility, Ireland) were used in accordance with UCD Animal Research Ethics Committee protocol for use of post-mortem tissue from animals in research (AREC 14-28-Brayden), in adherence with the “Principles of Laboratory Animal Care,” (NIH Publication #85-23, revised in 1985).  Animals were euthanised by stunning followed by cervical dislocation. Colon was removed and placed into a beaker containing Krebs-Henseleit buffer (KH). The smooth muscle layer was removed as described previously [33]. The muscle-stripped mucosae were mounted on Ussing chambers (World Precision Instruments, UK) with an orifice diameter of 0.63 cm2. 5 ml KH was added bilaterally, maintained at 37°C and the tissue was continuously oxygenated with carbogen. The potential difference (PD, mV) and short circuit current (Isc, µA.cm-2) were measured across colonic mucosae using a DVC-4000 voltage clamp (World Precision Instruments, UK). The PD and Isc were used to calculate the TEER (Ω.cm2) using Ohm’s Law.

Permeability experiments: [14C]-mannitol and [3H]-octreotide
Permeability experiments were conducted when basal colonic mucosae TEER readings were > 70 Ω.cm2 [34]. All TEER values are given as % of untreated control, total TEER values can be found in supplementary (Suppl. Fig. 1).  In the presence of the paracellular marker molecule, [14C]-mannitol (0.1 µCi/ml) the permeation enhancing effects of the three piperazine derivatives at concentrations up to 30 mM were investigated. Following an equilibration period of 20 min, a derivative and [14C]-mannitol were added apically. Basolateral-side samples (200 µL) were taken every 20 min for 120 min and replaced with fresh KH, while apical samples were taken at 0 and 120 min. The samples were mixed with 3 mL of scintillation cocktail and analysed on a liquid scintillation analyser (Tricarb 2900 TR, Packard). The apparent permeability coefficient, Papp, for [14C]-mannitol was calculated according to Equation 1:
                            Equation 1.
Where dQ/dt is the transport rate across the epithelium, A is the exposed area of the tissue (0.63 cm2) and C0 is the initial concentration of permeant. The same equation was used to investigate permeability of [3H]-octreotide (0.5 µCi/mL) in combination with piperazine derivatives. In some studies the effect of pH on [14C]-mannitol permeability was examined.  KH, 10 mM PPZ, 1-4-MPPZ and 1-M-4-PPZ were prepared freshly and the pH of solutions was measured using a bench top pH meter (HI2210-01, Hanna instruments, Leighton, UK). The pH of piperazine solutions and KH was adjusted to pH 7.4-7.5 and pH 8.8, respectively, using 0.5M HCl and 0.5M NaOH and the resulting Papp for [14C]-mannitol was calculated as above.

Effects of inhibitors on PPZ-induced increases in permeability in colonic mucosae
The mechanism of action of 10 mM PPZ and its derivatives was investigated by pre-treating colonic mucosae with the myosin light chain kinase (MLCK) inhibitor, ML9 (10 µM), the loop diuretic bumetanide (100 µM), or the 5-HT4 antagonists, either SB204070 (10 µM) or GR113808 (1 µM). All agents apart from bumetanide were added bilaterally 20 min prior to apical addition of piperazine derivatives, whereas the former was added on the basolateral side only.  The Papp of [14C]-mannitol was calculated as described above. 

Histology of colonic mucosae
Following the flux experiments, tissue samples were immersed in 10% (v/v) buffered formalin for at least 24 h. Subsequently, tissues were embedded in paraffin wax, cut, and stained with haematoxylin and eosin (H&E). Slides were examined under a light microscope (BX43, Olympus) and images were taken with an Infinity 3 high-resolution camera (Lumenera, Ottawa, OT) linked to acquisition software, Image Pro® Premiere 9.0 (Media Cybernetics Inc., USA).

Statistical analysis
Statistical analysis was carried out using Prism-6® software (GraphPad, San Diego, USA). ANOVA was used for group comparisons with post-hoc tests as stated. Results are given as mean ± SEM and a significant difference was considered present if p < 0.05, without any further denomination [35].

Results
In vitro cytotoxicity using HCA on Caco-2 cells
HCA assay was used to examine differences in the cytotoxic potential of PPZ and its derivatives following exposure for 2 h. The MTS assay with the same concentrations of PPZ derivatives and with 0.5% TX as a positive control was used as a comparator. HCA facilitates concurrent screening of several parameters in live cells including MMP, PMP and intracellular calcium levels. Low concentrations of each derivative, 0.5 mM and 1 mM, had no effects on any parameter in both, MTS and HCA assay (Fig. 2) From the MTS assay, IC50 values of 9.3 mM, 13.6 mM and 15.9 mM were calculated for PPZ, 1-4-MPPZ and 1-M-4-PPZ, respectively (Fig. 2a).10 mM PPZ and 1-4-MPPZ reduced MMP, as seen in the reduction of TMRM (red) staining (Fig. 3) while 30 mM 1-M-4-PPZ was required to induce a similar effect (Fig. 2c, Fig. 3) The same concentrations also led to a major reduction in cell viability in the MTS assay (Fig. 2a).A trend in increasing intracellular calcium was observed for PPZ between 3-15 mM, with the largest increase at 10 mM (Fig. 2c), whereas 1-4-MPPZ treatment induced an increase in intracellular calcium at 3 and 10 mM, but levels decreased back to baseline levels at higher concentrations (Fig. 2c). The reduction in Fluo-4 signal might be due to leakage of the fluorophore resulting from membrane damage, which coincided with a rise in PMP (Fig. 2d) [36]. A decrease in the integrity of the mitochondrial membrane is often associated with an increase in intracellular calcium levels due to  opening of permeability transitions pores permitting release of excess calcium into the cytoplasm resulting in further cell damage [32, 37]. An inverse relationship between MMP decreases and PMP increases was observed, particularly for PPZ and 1-4-MPPZ. Sample images are shown in Fig. 3. 1-M-4-PPZ had the lowest cytotoxic potential in the MTS as well as HCA assay, supporting previous conclusions  [12]. On the other hand, the high concentration required to generate changes in MMP and PMP suggest that 1-M-4-PPZ is the least potent and least efficacious in respect of inducing permeability increases [32].

Ex vivo studies in rat colonic mucosae 
The capacity of PPZ and two derivatives to increase permeability across rat colonic mucosae was investigated by measuring TEER and the Papp of [14C]-mannitol. TEER reduction can be indicative of either tissue damage and/or an increase in paracellular permeability. The mean rat colonic basal TEER value was 95.8 ± 4.7 Ω.cm2 (n=60), within the normal published range [34, 38]. The basal Papp of [14C]-mannitol was 3.5 ± 0.5 x10-6 cm/s (n=14) across rat colonic mucosae, again within the typical range [38]. Addition of PPZ and the two derivatives induced concentration-dependent decreases in TEER up to 30 mM (Fig. 4 a-c, Suppl. Fig. 1 a-c). 1-4-MPPZ induced the largest and 1-M-4-PPZ induced the smallest reductions in TEER over 2 h. 3 mM 1-4-MPPZ caused a significant drop in TEER within the first 20 min, which recovered over 120 min (Fig. 4a). Addition of 10 mM PPZ or 1-4-MPPZ decreased TEER to 29% and 11% of basal values respectively (Fig. 4b). 30 mM, PPZ, 1-4-MPPZ, and 1-M-4-PPZ caused a reduction in TEER to 12%, 7% and 24% of basal TEER, respectively (Fig. 4c). Derivative concentrations > 30 mM were not tested due to solubility limitations.  
[bookmark: _Hlk25415648][bookmark: OLE_LINK2]A concentration-dependent increase in the [14C]-mannitol Papp across mucosae was observed for PPZ and 1-4-MPPZ (Fig. 4d) suggesting an inverse relationship between TEER and Papp for PPZ and 1-4-MPPZ. No increase in the Papp was observed for any of the derivatives at 3 mM (Fig. 4d). Addition of 10 mM PPZ and 1-4-MPPZ led to 3- and 5-fold increases in the Papp, respectively (Fig. 4d). At 30 mM, PPZ and 1-4-MPPZ caused a 9-fold and 8-fold respective increases in the Papp (Fig. 4d). This high concentration of PPZ and 1-4-MPPZ however led to gross damage to the epithelial layer; the villi were completely eroded, and extensive oedema was seen in images (Fig. 5). 10 mM 1-4-MPPZ caused some erosion at tops of villi, while 30 mM 1-M-4-PPZ induced some perturbation, but the barrier was functionally intact in both cases.  Although 30 mM 1-M-4-PPZ induced a reduction in TEER, only a 2-fold increase in the [14C]-mannitol Papp was observed (Fig 4d). These data indicate that 10 mM is the optimal concentration for PPZ and 1-4-MPPZ to enhance paracellular permeability without causing damage to the colonic epithelium. 1-M-4-PPZ was not as efficacious as the other two agents at any of the tested concentrations. 30 mM PPZ and 1-4-MPPZ were also tested in muscle-stripped rat jejunal tissue (Suppl. Fig. 2), but no effect on TEER or [14C]-mannitol permeability was observed.  Basal TEER declined over 120 min, signifying issues with tissue viability (Suppl. Fig. 2a, b). This confirmed that colon was the most suitable region for comparative studies in Ussing chambers.
The efficacy of 10 mM concentrations of derivatives was further investigated using [3H]-octreotide as the permeant across colonic mucosae. We confirmed that 1-4-MPPZ induced the largest reduction in TEER compared to the other two agents, this time while [3H]-octreotide was also present on the apical side (Fig. 6a).  The basal Papp of [3H]-octreotide was 2.36 ± 0.11 x10-6 cm/sec (n=6) across colonic mucosae. For [3H]-octreotide, a 3-fold increase (6.82 ± 1.04 x10-6 cm/sec) in Papp was seen with 10 mM 1-4-MPPZ, but neither PPZ (3.47 ± 0.36 x10-6 cm/sec) nor 1-M-4-PPZ (3.17 ± 0.20 x10-6 cm/sec) induced an increase despite a trend (Fig. 6b).  These data indicated that 1-4-MPPZ was the most promising of the three agents in enhancing permeability of the peptide.  
 
Effect of pH on paracellular permeability effects of piperazine derivative in colonic mucosae
Previously it has been reported that some PPZ derivatives induce a pH of  > 8 in cell culture media [39], thus the pH of KH in presence of 3, 10 and 30 mM of each derivative was measured to determine if this pertained in KH. The addition of the three derivatives to KH led to an immediate shift from pH 7.4 to alkaline pH at all three concentrations (Fig. 7a). PPZ and 1-4-MPPZ changed the pH to ~ 8.8-9.0 in KH at 10 mM, while 1-M-4-PPZ changed it to ~ 8.5 at that concentration. To determine if the permeation-enhancing effect of the derivatives was due to the pH change per se, the pH of KH was adjusted to pH 8.8 using NaOH, while the alkaline pH change induced by 10 mM derivatives was adjusted back to that of KH with HCl. Alkaline KH did not cause a reduction in TEER per se (Fig. 7b) and no difference was present between the Papp of [14C]-mannitol in KH at pH 7.4  (4.4 ± 0.5 x10-6 cm/sec) compared to that seen at pH 8.8 (2.9 ± 0.7 x10-6 cm/sec) (Fig. 7c, Table II). The decrease in TEER induced by derivatives was not as dramatic as that seen in alkaline conditions, e.g., addition of 10 mM 1-4-MPPZ adjusted to pH 7.4 led to a reduction of 60 %, whereas it was reduced by 90% at pH 8.8. When the pH was held at 7.4, PPZ and 1-4-MPPZ still generated increases in the Papp of [14C]-mannitol, but to a lesser extent than at alkaline pH (Fig. 7b, Table II). KH at pH of 8.8, PPZ at pH 7.4 (Fig. 7d (ii)) as well as 1-M-4-PPZ at physiological pH (Fig. 7d (iv)) had no effect on histology, whereas for 1-4-MPPZ (pH 7.5) slightly less cell sloughing was observed (Fig. 7d (iii)). In sum, alkaline pH contributed in part to the increases in the Papp of [14C]-mannitol of PPZ and 1-4-MPPZ induced by PPZ and 1-4-MPPZ. 

[bookmark: OLE_LINK6]Further study of the mechanism of action of derivatives in mucosae
Our previous study [19] indicated that PPZ interacts with 5-HT4 receptors in rat colonic epithelia, so we tested whether this might also be case for the other derivatives. Tissues were pre-incubated with the selective 5-HT4 antagonists, either GR113808 or SB204070 for 20 min before adding [14C]-mannitol and 10 mM of each piperazine. Both SB204070 and GR113808, led to a reduction in the 1-4-MPPZ-induced increase in the Papp of [14C]-mannitol by 57% and 70%, respectively (Fig. 8a, b). Neither antagonist altered the [14C]-mannitol Papp per se.  While GR113808 provoked a reduction in the PPZ- induced Papp increase, it was only a trend in the case of SB204070 (Fig. 8a). Papp values were still higher in PPZ- and 1-4-MPPZ- exposed tissues than in untreated tissue when exposed to SB204070. No changes in the Papp were seen with 1-M-4-PPZ in the presence of GR113808 or SB204070, but this derivative was not efficacious at 10 mM in any case.  The interaction between 1-4-MPPZ and the 5-HT4 receptor antagonists was investigated further by analysing changes in Isc induced by PPZ derivatives. 1-4-MPPZ caused a ΔIsc increase of 19.4 ± 7.7 µA.cm-2 after 2 h exposure, but the other two derivatives had no effect (Fig. 8 c,d). The increase in Isc induced by 1-4-MPPZ was diminished by GR113808 (Fig. 8c), but not SB204070 (Fig. 8d).  Neither antagonist had a damaging effect on histology per se (Fig. 8e (i-ii)).
[bookmark: _Hlk26202838][bookmark: _Hlk25924064]Additionally, colonic mucosae were pre-incubated for 20 min with bumetanide, which inhibits the basolateral Na/K/2Cl-cotransporter. The basal Papp of [14C]-mannitol in bumetanide-pre-treated tissue was almost 50% lower (2.0 ± 0.3 x 10-6 cm/sec) than untreated tissue (3.8 ± 0.7 x 10-6 cm/sec). Bumetanide also decreased the Papp of [14C]-mannitol induced by PPZ by over 50 %, back to basal levels.  The Papp induced by 1-4-MPPZ was also reduced by bumetanide, but to a lesser extent than for PPZ (Fig. 9a).    ML9 inhibits phosphorylation of myosin light chain (MLC) [40]. Pre-treatment of colonic mucosae with ML9 (10 µM) led to a reduction in PPZ and 1-4-MPPZ induced [14C]-mannitol permeability (Fig. 9b) indicating that MLC also plays an important role in PPZ- and 1-4-MPPZ- induced transient tight junction opening in colonic tissue. Neither bumetanide nor ML9 induced histological damage (Fig. 9c (i, ii)).

Discussion
This study further examined the potential of selected piperazines as CPEs with the focus on whether two derivatives that had emerged at the top of a Caco-2 screen from the Whitehead group [12] would hold up as candidates in isolated rat intestinal mucosae.  Our previous work with PPZ had already demonstrated efficacy in colonic tissue [18], so we were able to perform a comparative study by doing a head-to-head comparison between PPZ and the two derivatives, 1-4-MPPZ and 1-M-4-PPZ with an aim of further discriminating them. It represents the first time the derivatives have been examined in an ex vivo model. At the same time, we revisited the mechanistic aspects of the three agents in Caco-2 cells using HCA as this relatively new technique of live cell imaging allied to quantitative read-outs of multiple cell parameters can reveal subtle differences from the manual end-point cytotoxicity studies [41].   
The data acquired from the  MTS and HCA assay with the three agents was largely in keeping with results from the end-point cytotoxicity assays obtained in the original Caco-2 study [12].  The key result was that PPZ and 1-4-MPPZ were efficacious at increasing PMP and decreasing MMP in Caco-2 cells at a threshold of 10 mM, whereas 1-M-4-PPZ was without effect on either parameter at concentrations <30 mM. The only other parameter changes of note was that while 1-4-MPPZ elevated intracellular calcium at 3- and 10 mM (presumably related in part to its mechanism of increasing permeability), 1-M-4-PPZ only did so at 30 mM, a concentration likely to be associated with cytotoxicity. The HCA data therefore steered the focus to PPZ and 1-4-MPPZ as the potential leads, while reaffirming their relatively benign effects on cell parameters related to cytotoxicity. 
The permeability data acquired for PPZ and 1-4-MMPZ for [14C]-mannitol on isolated rat colonic tissue mucosae corresponded with similar results from the original Caco-2 monolayer screen [12]. Both CPEs are efficacious and have low toxicity at 10 mM concentrations as reflected by histology of the colonic tissue. At 10 mM. PPZ and 1-4-MPPZ both induced > 6-fold increases in Papp of [14C]-mannitol across rat colonic mucosae, on a par with established gold standard CPEs including sodium caprate [42] and alkyl maltosides [33].  In contrast to the results obtained in the Caco-2 screen [12], no increase in [14C]-mannitol permeability was observed for 1-M-4-PPZ in colonic mucosae at any concentration, consistent with its lack of effect on MMP and PMP in the HCA study. In sum, of the three derivatives originally identified using Caco-2 monolayer screening, 1-M-4-PPZ did not hold up as being efficacious at non-toxic concentrations in the ex vivo model. Solubility limitations prevented concentrations of > 30 mM 1-M-4-PPZ being examined.
In contrast to Caco-2 monolayers, higher concentrations of PPZ derivatives were required to induce TEER reductions, increases in paracellular permeability, and toxicity in rat colonic mucosae. Out of the various preclinical screening tools available for paracellular permeability, Caco-2 monolayers are typically more sensitive to CPEs in terms of toxicity and enhancement potential than isolated intestinal tissue mucosae [20, 43]. 1-M-4-PPZ was therefore cytotoxic to Caco-2 cells at 30 mM, but was not to rat colonic mucosae. In general, the closer the model resembles the  in vivo situation, the higher the concentrations of CPEs required to achieve an increase in transepithelial permeability and histopathology  [20, 33]. In in situ and in vivo models this effect is most likely due to the presence of a mucus barrier, an intact blood flow, intestinal transit times, and mucosal repair mechanisms [20]. In colonic mucosae, while both PPZ and 1-4-MPPZ increased the Papp of [14C]-mannitol consistent with effects on tight junctions, the derivative 1-4-MPPZ appears to be the most promising candidate, since it also induced an increase in [3H]-octreotide permeability. 30 mM 1-M-4-PPZ decreased TEER, but it was not enough to increase permeability. 
A previous report by us [19] demonstrated that PPZ, at least in part, enhances paracellular transport by activating 5-HT4 receptors in rat colonic epithelium. Here, we extended that finding to 1-4-MPPZ.  This is a potential drawback for piperazines due to the role of 5-HT in enteric physiological function. 5-HT receptors can be divided into seven distinct classes (5-HT1-7), all of them are GPCRs except 5-HT3, which is a ligand-gated ion channel [44].  5-HT4 receptors are widely expressed throughout the body including the central and enteric nervous system, as well as in the heart and many splice variants of 5-HT4 receptors have been identified [45]. They play an important role in the regulation of GI motility and secretion, making them an attractive drug target for the treatment of GI disorders including Irritable Bowel Syndrome (IBS) [45, 46]. 5-HT4 receptors are not only expressed on neurons of the enteric nervous system, but are also expressed on the apical side of epithelial enterocytes in small and large intestine, with especially high levels of expression in the colon of mice and the ileum in humans [47]. Tegaserod (Novartis, Geneva), a 5-HT4 receptor agonist, was the first FDA-approved drug for the treatment of IBS with constipation in 2002. However, it was withdrawn from the market in 2007 due to potential cardiovascular adverse events [48]. Numerous other 5-HT4 receptor agonists have been investigated and have undergone clinical trials for the treatment of IBS associated constipation, but many have failed due to off-target effects on the cardiovascular or central nervous system. 
The centrally-acting agent, mepiprazole (Psigodal®, Merck KGaA, Germany) is a phenylpiperazine derivative for the treatment of anxiety, and it has also been tested for the treatment of IBS [49, 50]. Several piperazine derivatives have been studied for their use as antidepressant, anxiolytic, and/or antipsychotic agents such as Trazodone (Desyrel®, Angelini Pharma, Italy) which was one of the first piperazine derivatives approved by the FDA for the treatment of major depressive disorder. It is a 5-HT2 receptor antagonist and reuptake inhibitor (SARI). Other phenylpiperazine derivatives including mepiprazole, etoperidone (Depraser®, Angelini Pharma) and nefazodone (Serzone®, Bristol-Myers Squibb, USA) are also classified as SARIs [51]. Phenylpiperazine derivatives are rapidly absorbed in the GI tract, and will cross the blood brain barrier to exert action on the CNS, a source of potential toxicity. 
Data in this study show that PPZ and its derivative 1-4-MPPZ enhance paracellular transport by interacting with 5-HT4 receptors, amongst other mechanisms. 1-4-MPPZ also induced a significant increase in colonic basal Isc, which was reduced by the addition of GR113808. A similar stimulation of Isc, a surrogate for electrogenic chloride secretion, has also been seen with 5-HT and tegaserod in rat colon, suggesting that 1-4-MPPZ also acts as a 5-HT4 receptor agonist [47, 52]. SB204070, the second 5-HT4 selective antagonist, did not decrease the 1-4-MPPZ induced ΔIsc and had no effect on TEER changes induced by any of the tested PPZ derivatives. Additionally, its inhibition of [14C]-mannitol permeability increase invoked by PPZ and 1-4-MPPZ was not as pronounced as seen with GR113808, indicating that SB204070 has a lower affinity to 5-HT4 receptors than GR113808. This observation matches with other reports stating that GR113808 has a higher affinity for 5-HT4 receptors in the brush border membrane than 5-HT itself [25]. The potential lower affinity of SB204070 to apical 5-HT4 receptors could be a reason why no diminution of PPZ-induced [14C]-mannitol fluxes and no major changes in TEER were seen. The lack of effect of PPZ in isolated rat jejunal tissue could be due to relatively low expression of 5-HT4 receptors in that region. In humans the highest expression levels of 5-HT4 receptors has been detected in the terminal ileum, whereas in murine models the highest levels of expression is found in the colon, with relatively low expression in jejunum and duodenum [47]. 
We propose the following model: Activation of 5-HT4 receptors by PPZ and 1-4-MPPZ results in activation of the Gs protein stimulating the production of intracellular cAMP via adenylate cyclase.  Binding to 5-HT receptors is known to cause activation of Na/K/2Cl-cotransporter via cAMP in the intestine leading to accumulation of intracellular Cl- [44, 53]. The decrease in PPZ induced [14C]-mannitol fluxes seen with the loop diuretic bumetanide confirms that activation of the Na/K/2Cl-cotransporter plays an important role in the effectiveness of PPZ and to a lesser degree for 1-4-MPPZ. Moreover, activation of Na/K/2Cl-cotransporter by cAMP also depends on the phosphorylation of MLC within the cell. MLC phosphorylation, driven by MLCK activity, is a main regulator of intestinal epithelial tight junctions and its activation is associated with an increase in paracellular permeability [54]. Binding of 5-HT to 5-HT4 receptors can induce MLCK via Gs-dependent and Gs-independent pathways. 5-HT4 receptor activation leads to the stimulation of phospholipase C (PLC) γ via non-receptor (Src) tyrosine kinases, independently from Gs protein [55]. Stimulated PLC γ hydrolyses inositol phospholipids to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) leading to the release of Ca2+ from intracellular stores (IP3-mediated) and activation of PKC (DAG-mediated) [55]. Both, PKC stimulation and increase in cytosolic Ca2+, lead to activation of MLCK and therefore phosphorylation of MLC. The presence of the cAMP-independent pathways could explain why inhibiting MLCK and 5-HT4 receptor had a greater effect on 1-4-MPPZ induced [14C]-mannitol permeability than was seen with bumetanide. It has been shown that epithelial cell lines with altered MLC phosphorylation have disrupted tight junction assembly and a reduction in ZO-1 exchange between tight junction highlighting the importance of MLCK in regulating tight junction permeability [54, 56, 57]. ZO-1 rearrangement was also seen in Caco-2 cells treated with 10 mM of PPZ derivatives suggesting that alteration of MLCK activity contributes to PPZ and 1-4-MPPZ enhancement potential [12].
Finally, the role of acidification was examined.  In agreement with Lamson et al. [39], we demonstrated that the three agents made KH alkaline, overcoming its normal buffer capacity.  The pH change to ~9.0 at 10 mM concentrations contributed to the efficacy of PPZ and 1-4-MPPZ in rat colonic tissue.  Indeed it was argued in [39] that it is possible to predict piperazine efficacy based on propensity to change the pH to a range of 8.7-9.6. Thus, the ineffective CPE, 1-M-4-PPZ, did not alkalinise the buffer as much as the other two agents and was at the lower end of that range.  That these are non-toxic pH values for Caco-2 cells was shown in both the HCA studies and also for colonic mucosae. Nonetheless, it is an unusual class effect not seen with other CPEs and adds a non-specific element to what is a complicated multi-faceted mechanism.  

Conclusions
This study examined the permeation enhancing effect of PPZ and two of its derivatives 1-4-MPPZ and 1-M-4-PPZ in rat colonic mucosae. 1-4-MPPZ was the most promising CPE because it also increased octreotide permeability in addition to that of [14C]-mannitol, whereas PPZ only increased the latter and no effect was seen with 1-M-4-PPZ at any of the concentrations. Both agents, 1-4-MPPZ and PPZ, decreased MMP and increased PMP and are likely to have similar mechanism on epithelia.  In colonic mucosae, both PPZ and 1-4-MPPZ activated 5-HT4 receptors, myosin light chain kinase (associated with TJ openings), and the basolateral Na/K/2Cl cotransporter (associated with electrogenic chloride secretion).  Despite the promising results seen for octreotide fluxes, translation of 1-4-MPPZ as a potential oral permeation enhancer remains problematic due to interactions with the enteric 5-HT system as part of its mechanism. These data now need to be confirmed in in vivo settings.  
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Figure Legends
Fig. 1. Structures of (a) 1-phenylpiperazine (PPZ), (b) 1-methyl-4-phenylpiperazine (1-M-4-PPZ) and (c) 1-(4-methylphenyl)piperazine(1-4-MPPZ).
Fig. 2. Caco-2 cell responses to PPZ, 1-4-MPPZ and 1-M-4-PPZ over 2 h.  (a) MTS assay,  (b – d) HCA.  PPZ;  1-4-MPPZ;  1-M-4-PPZ. Positive controls: 100 µM FCCP for MMP, 20 µM ionomycin (iono) for intracellular calcium levels and 0.05% Triton™ X-100 (TX) for PMP and MTS assay. *p < 0.05 versus untreated controls, 2-way ANOVA, followed by Dunnett’s multiple comparison test (n=3).
Fig. 3. Representative HCA images of untreated and piperazine-treated Caco-2 cells following 2 h exposures. Blue (Hoechst): nuclei, red (TMRM): mitochondria, green (Fluo4): calcium. Concentrations of 3, 10, and 30 mM derivatives are shown.  The red residue seen for 30 mM 1-4-MPPZ is most likely TMRM leaking out of mitochondria. Almost no mitochondria are seen for 30 mM PPZ, whereas an increase in Fluo-4 staining occurred for 30 mM 1-M-4-PPZ. Horizontal bar in the lower right corner of each panel =  30 µm.Fig. 4. Effect of PPZ, 1-4-MPPZ and 1-M-4-PPZ on TEER of rat colonic mucosae: (a) 3 mM, (b) 10 mM, (c) 30 mM. Arrows indicate time of addition. (d) Papp [14C]-mannitol in the presence of derivatives.  PPZ and 1-4-MPPZ induce an increase at 10 mM and 30 mM concentrations compared to untreated control. *p<0.05, 2-way ANOVA followed by Dunnett’s multiple comparison test (n=4-14 per group).
Fig. 5. Representative images of rat colonic mucosae stained with H&E exposed to 3, 10, and 30 mM PPZ, 1-4-MPPZ and 1-M-4-PPZ for 2 h.  Horizonal bars= 100 µm.
Fig. 6. The effect of 10 mM PPZ, 1-4-MPPZ and 1-M-4-PPZ on (a) %TEER and (b) [3H]-octreotide (oct) Papp across colonic mucosae. * p<0.05, 2-way ANOVA followed by Dunnett’s multiple comparison test (n=4-6 per group).
Fig. 7. (a) Effect of the derivatives (10 mM) on the pH of KH buffer. *p<0.05, 2-way ANOVA, Dunnett's multiple comparison test (n=3). Effects of KH (pH 8.8) and 10 mM PPZ (pH 7.4), 1-4-MPPZ (pH 7.5) and 1-M-4-PPZ (pH 7.5) on (b) %TEER and (c) [14C]-mannitol Papp in comparison to KH (pH 7.4) and 10 mM of CPEs in alkaline KH (pH >8.8). *p<0.05, 2-way ANOVA, Sidak's multiple comparison test (n=3-5 for each group). (d) Representative H&E images of mucosae treated with (i) KH, pH 8.8 (ii) PPZ, pH 7.4 (iii) 1-4-MPPZ, pH 7.5 (iv) 1-M-4-PPZ, pH 7.5. In (ii) Cell sloughing at top of villi can be seen for PPZ, and in (iv)  this was evident to a lesser extent for 1-M-4-PPZ.
Fig. 8. (a) SB204070 (10 µM) and (b) GR113808 (1 µM) effects on derivative-induced [14C]-mannitol Papp of colonic mucosae. * p<0.05, 2-way ANOVA followed by Sidak's multiple comparison test (n=5-6 per group). (c) GR113808 (1 µM) and (d) SB204070 (10 µM) effects on derivative-induced ΔIsc of colonic mucosae. * p < 0.05, 2-way ANOVA followed by Dunnett’s multiple comparison test (n=4-6 per group). (e) Representative H&E images of rat colonic mucosae treated with (i) 10 µM SB204070 and (ii) 1 µMGR113808.
Fig. 9. (a) Effect bumetanide (Bumet, 100 µM) in the presence and absence of derivatives on the Papp of [14C]-mannitol on colonic mucosae. (b) Effect of ML9 on the Papp in the presence and absence of derivatives. *p < 0.05, 2-way ANOVA followed by Sidak's multiple comparison test (n=4-5 per group). (c) Representative H&E images of rat colonic mucosae treated with (i) 100 µM bumetanide and (ii) 10 µM ML9.
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Table I. Details of the HCA dye cocktail
	Dye
	[Final] 
	Excitation/Emission (nm)

	Hoechst 33342
	0.8 µM
	360/460

	Fluo-4
	1 µM
	480/535

	TMRM
	20 nM
	535/600

	TOTO-3
	1 µM
	620/700




[bookmark: _Ref21875756]Table II. Papp of [14C]-mannitol in the presence of piperazines in KH buffered to two pH values. 
	
	Papp at pH 7.4 (x 10-6 cm/sec)
	 Papp at pH 8.8 (x 10-6 cm/sec)

	KH alone
	4.4 ± 0.5
	 2.9 ± 0.74

	PPZ (10 mM)
	6.1 ± 0.5
	10.6 ± 2.7 *

	1-4-MPPZ (10 mM)
	 11.3 ± 2.4 *
	  18.08 ± 2.6 *

	1-M-4-PPZ (10 mM) 
	3.9 ± 0.9
	                   4.0 ± 0.7


*p<0.05 between derivative and KH at respective pH value (Sidak's multiple comparison test, n=3-5 for each group).
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Supplementary Figures





Suppl. Fig. 1. Absolute TEER values induced by the three piperazine derivatives across rat colonic mucosae (a) 3 mM, (b) 10 mM and (c) 30 mM of each agent (n = 4-14 per group). Arrows indicate addition points.



Suppl. Fig. 2. Effect of 30 mM PPZ and 1-4-MPPZ on (a) TEER, (b) % TEER and (c) Papp of [14C]-mannitol in rat jejunal mucosae. Arrows indicate addition points. Control TEER slowly declines to about 50% of initial TEER over 2 h (n= 4-5 per group).
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