The role of the kynurenine pathway (KP) in irreversible pulpitis.
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[bookmark: _Hlk100398076]The kynurenine pathway (KP) is associated with pain hypersensitivity and Indoleamine 2,3 Dioxygenase (IDO) is its first and rate limiting enzymatic step. IDO’s connection to irreversible pulpitis and post-operative pain has not been explored. This study aims to investigate the role of the KP in irreversible pulpitis.
Methodology
The IDO activity of healthy and irreversibly pulpitic human teeth was examined using: HPLC; mRNA expression of enzymes of the KP using RT-qPCR; and immunofluorescence of cells involved in the KP. 
In separate experiments ‘Odontoblast like cells’ (OLCs) were generated from human dental pulp stem cells and stimulated using LPS and ODN2006 for 4 and 24 hrs. HPLC and RT-qPCR was then used to assess for changes in the KP in the OLCs.
Results
IDO activity was significantly raised in irreversible pulpitis compared to healthy teeth (Mann–Whitney U = 180.5, p ≤ 0.001) but unrelated to the duration or intensity of pain. RT-qPCR indicated increased IDO activity drove the KP away from the neuroprotective agent kynurenic acid (Mann–Whitney U = 15.0, p <0.001) and towards N-methyl-D-aspartate receptor activation, neuroinflammation and potentially persistent pain. Immunofluorescence demonstrated strong colocalization of signal for IDO and its product kynurenine with pulpal sensory afferents. 
Stimulation of the differentiated OLCs demonstrated that LPS and ODN2006 can both stimulate the KP in a manner which mimics irreversible pulpitis indicating these changes may take place in response to the bacterial invasion in irreversible pulpitis.
Conclusion
The KP is associated with a neuroinflammatory and neurotoxic role in irreversible pulpitis. It is intimately colocalised with sensory afferents and potentially driven by bacterial toxins. It is therefore likely that KP may play a role in the pain experienced during irreversible pulpitis. The nature of its activation in irreversible pulpitis may also increase the risk of persistent pain post-operatively. 

Introduction
Irreversible pulpitis and apical periodontitis are the most frequent cause of orofacial pain worldwide (Lipton et al. 1993; Joury et al. 2018). The intensity and impact of this pain is demonstrated by it being the fifth most common reason for hospital emergency department attendance (Lewis et al. 2015) and the most common reason for unintentional paracetamol overdose (Siddique et al. 2015) in the UK. Despite the intensity of irreversible pulpitis, very little is done during treatment to manage the neuroinflammation present at a local level and it is perhaps unsurprising that 1 in 5 patients receiving endodontic treatment experienced severe pain one week post-operatively (Law et al. 2015). Such post-operative pain often results in dentists prescribing systemic analgesics such as non-steroidal anti-inflammatory drugs (NSAIDs) which may not penetrate to the periphery and therefore do little to reduce the localised (neurogenic) inflammation in and around the tooth. This ongoing (neurogenic) inflammation may, therefore, persist and in pheno- and geno-typically vulnerable individuals result in posttraumatic trigeminal neuropathic pain (PTNP), a persistent pain estimated to occur in 1.6% of patients who receive endodontic treatment (Nixdorf and Moana-Filho 2011).
To reduce the risk of post-operative pain and PTNP following endodontics we require greater understanding of the neuroinflammatory processes in irreversible pulpitis which may lead to its development, and to conduct research that will inform the development of preventive therapeutics. One potential avenue of research is to investigate the Kynurenine pathway (KP) in irreversible pulpitis. The KP has been linked to pain in animal models investigating acute and chronic viral infections of lung tissue. These studies found that increased activity of indoleamine 2, 3 dioxygenase (IDO), the first and rate limiting step of the KP, was associated with pain hypersensitivity. Pain hypersensitivity was reduced when IDO was blocked pharmacologically and was absent in IDO-deficient mice but could be stimulated through the administration of kynurenine (KYN), the catabolic product of the IDO enzyme (Huang et al. 2016). Further evidence suggests the KP may play a role in persistent pain as rat models found increased mRNA expression of KP enzymes IDO, kynurenine 3-monooxygenase (KMO) and 3-hydroxyanthranilate 3,4-dioxygenase (HAAO). 
One explanation for the KP’s ability to influence nociception and nociplastic pain is through the activation or inhibition of N-methyl-D-aspartate (NMDA). NMDA receptors are associated with excitotoxicity and if excessively activated leads to glutamate release/prevention of reuptake causing an imbalance in calcium ion transport into the cell, lipid peroxidation, and ultimately cell death (Li and Wang 2016). Quinolinic acid (QUIN) a downstream product of KYN (Figure 1) is a potent activator of NMDA receptors and has been shown to: potentiate the neurotoxic effect of itself and other neurotoxins; disturb the cell structure of neurons and be gliotoxic (Guillemin 2012); and increase nitric oxide (NO) production leading to oxidative stress (Aguilera et al. 2007). Kynurenic acid (KYNA), an alternative product of the KP, blocks the glycine site of NMDA receptors and is a potent inhibitor of QUIN and other ligands which activate NMDA receptors thus protecting from their neuroexcitatory and neurotoxic effects (Jhamandas et al. 2000). Therefore, the amount QUIN and KYNA present could influence the pain experienced during and after irreversible pulpitis. 
IDO and the oral environment
Due to the links between the KP and pain/neuroinflammation, some studies have begun examining the role of the KP in orofacial pain. Patient studies have demonstrated that KP is implicated in other trigeminally-mediated orofacial pain conditions such as TMD suggesting that a higher KYN/Tryptophan (TRP) ratio results in a greater pain intensity (Barjandi et al. 2020). Meanwhile, animal models of migraine a predominately non-orofacial pain mediated by the Trigeminal nerve demonstrated a reduction in face rubbing when an analogue of KYNA was administered and lead to a reduction in mRNA expression of pro-inflammatory markers such as Calcitonin Gene Related Peptide (CGRP) (Greco et al. 2017). This provides evidence not only that the KP may affect the trigeminal ganglion, but also that therapeutic treatments targeting this pathway might prove effective against orofacial pain.
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Figure 1 Diagram of the KP catabolism pathway. 
Boxes show the catabolites produced in pink whilst words in bold indicate the enzymes involved. Pathway highlights the potential for activation or inhibition of NMDA receptors.

Despite these connections, only two studies have investigated the KP in dental pulp tissue to date. One study detected the presence of IDO in pulp tissue via immunohistochemistry with an apparent increase in IDO in irreversible pulpitis compared to healthy controls, although this was not quantified. This same study found that stimulation of an unsorted mixture of human dental pulp cell explants with the cytokine Interferon-gamma (INF-γ) led to the detection of IDO as measured by western blot analysis (Takegawa et al. 2014). The other using human pulp stem cells (HDPSCs) found that stimulation with the endotoxin lipopolysaccharide (LPS) and TNF-α caused an increase in IDO at 24 and 48 hrs as detected via western blot and that immunofluorescent analysis of pulp tissue sections found double staining of IDO with monocytes and macrophages (Lee et al. 2016). 

Further investigations of the KP are required to:
1) establish the role of IDO in irreversible pulpitis;
2) how any role IDO relates the KP to any associated change in QUIN or KYNA;
3) what cells might be affected by 1 and 2.  
[bookmark: _Hlk100496894]To fully investigate the role of IDO and the KP in irreversible pulpitis it is important to understand what stimulants are driving any changes. To investigate this, it was thought ‘Odontoblast like cells’ (OLCs) from human dental pulp stem cells (HDPSCs) could be stimulated in vitro to increase IDO to compare to any changes seen in irreversible pulpitis to a dental-specific cell line. To select the correct stimulant the literature was reviewed and it was seen that INF-γ is often used as a means of stimulating an increase in IDO (Sarkhosh et al. 2003) however, INF-γ is often associated with viral infections and does not represent the predominantly bacterial-induced nature of irreversible pulpitis. An alternative means of stimulation is LPS which has been shown to stimulate IDO in HDPSCs (Lee et al. 2016). Alternatively, CpG-ODN2006, a TLR9 agonist which simulates bacterial DNA could be used as CpG-ODNs are reported to stimulate IDO in the spleen of mice when administered systemically (Wingender et al. 2006). Both of these stimulants would therefore be applied to assess for changes to the KP in OLCs in comparison with irreversible pulpitis.
This study therefore aims to explore the wider role of the KP in irreversible pulpitis using samples of human dental pulp tissue and relate this to the activation or inhibition of NMDA receptors as well as examining the stimulation of OLCs with LPS and ODN2006 to see if these agonists induce stimulation of the KP in way which mimics the changes seen in irreversible pulpitis.


Materials and Methods
Dental tissue sample collection and processing
Teeth were collected at Newcastle Dental Hospital following ethical approval (15/WA/0129). Pulp tissue from healthy teeth was obtained from teeth extracted for orthodontic reasons with no history of pain or clinical/radiographical signs of caries. Painful pulp samples required a diagnosis of symptomatic irreversible pulpitis. The duration (days) and severity of pain (0-10 anchored numerical rating scale) was recorded from the patient’s notes. Tooth samples were immediately frozen at -80°C for storage then thawed and sectioned by creating grooves on the mesial and distal surfaces using a diamond taper conical end super fine bur (R&S Diamond Burs) and an NSK S-Max M900L air turbine handpiece (NSK) stopping short of the pulp chamber. A dentine chisel (R&S) was used to propagate a crack between the two sides of the tooth. The entirety of pulp tissue was then carefully removed using tweezers and frozen at -80°C until processing for analysis.
High performance liquid chromatography (HPLC) of pulp tissue
IDO enzyme activity was estimated using a method adapted from Hoshi et al (Hoshi et al. 2010). Samples were weighed before grinding using a pestle and mortar, the resultant tissue was suspended in PBS before cyclical heating and cooling. Samples were centrifuged at 21,000 g for 5 min. 100 µL of each sample was placed in separate wells on two 96 well plates (a zero hour and a 2-hour plate). 10 µL of 1 µL/mL catalase (Sigma) was mixed with 10 mL of IDO reactive substrate containing 100 mM potassium phosphate buffer (Sigma), 50 µM methylene blue (Sigma), 50 mM ascorbate (Sigma) and 0.4 mM L-Tryptophan (Sigma). 100 µL of this mixture was added to each well. 10 µL perchloric acid was added to wells on the zero-hour plate. 
[bookmark: _Hlk100482253]The two-hour plate was then incubated at 37°C for 2 hrs before adding 10 µL of perchloric acid. Both plates were processed by centrifuging at 2000 g at 4°C for 10 min. The substrate was removed from each well, transferred to a 0.45 µm MultiScreen Solvinert filter plate (Millipore) and centrifuged again at 2000 g at 4°C for 10 min. Plates were then analysed using high performance liquid chromatography (HPLC) to detect KYN levels using a UFLC LC20AD pump (Shimadzu) and a C18 column (Shimadzu). IDO activity was estimated by calculating the differences between the two-hour and zero-hour KYN levels.
[bookmark: _Hlk100480186]2.2.5 RT-qPCR of pulp samples
[bookmark: _Hlk100484542]Samples were added to 1 mL of tri-reagent 1 mL (Sigma) and shaken with 1.5 mm zirconia beads (Scientific laboratory supplies) in a precellys 24 tissue homogenizer (Bertin) for 2x 30 intervals. Samples were then left at room temperature for 20 min before centrifuging at 12,000 g for 5 min. Supernatant was removed, added to 200 µL of Chloroform and shaken by hand. This was centrifuged for 10 min at 12,000 g following which the top layer was removed, added to 600 µL of pure Isopropanol and left for 10 min at room temperature. This was centrifuged, the supernatant removed, and the precipitate washed with 70% ethanol before centrifuging again, leaving to air dry for 10 min and re-suspending the precipitate in 20 µL of DEPC treated nuclease free water.
[bookmark: _Hlk100431728]Production of cDNA was performed using EcoDRY (TakaRa Bio) following manufactures instructions. The cDNA was quantified using QuantiFluor® ssDNA System (Promega) measuring fluorescence (492nmEx/528nmEm) with a Synuergy HT (BioTek). Samples were then diluted with nuclease-free water to ensure an equal concentration. SsoAdvanced Universal SYBR Green Supermix (BioRad) was used according to the manufacturer’s instructions alongside a protocol of 2 min at 95°C followed by 45 cycles of 10 seconds at 95°C followed by 60°C for 30 seconds. Primers used can be seen in Table 1. Samples were compared to the levels of GAPDH and ACTB using the geoNorm method to produce relative expression.

	[bookmark: _Hlk100502074]Primer
	Amplicon sequence

	
GAPDH
	12:6647267-6647413

	ACTB
	7:5568936-5569027

	IDO1
	8:39771471-39775478

	AADAT
	4:170999665-171008352

	KYNU
	2:143676246-143685282

	KMO
	1:241755268-241755384

	HAAO
	2:43010945-43015710

	ACMSD
	2:135628535-135630116

	QPRT
	16:29708655-29708793


[bookmark: _Hlk100503949]Table 1 Primers used for qPCR analysis of KP. 
All primers were obtained from commercial supplier BioRad and the amplicon context sequence is listed. 

Immunofluorescence imaging of dental pulp tissue
Tooth samples were obtained at University of Texas Health Science Center San Antonio following ethical approval: irreversible pulpitis and healthy samples were taken in the same manner as at Newcastle (described earlier). Pulp tissue was removed after breaking teeth with series 2000 bolt cutters (HK Porter, US) and fixed using 4% PFA for 15 min. Samples were then sectioned using frozen section histology in a MICROM MH 550 cryostat (Thermofisher) and mounted onto glass slides.
Samples were washed with 0.5% Triton X-100 (Thermofisher) in MAXblock (Active Motif) for 10 min. Maxblock was then applied to slides for 90 min before washing with MAXwash (Active Motif). Primary antibodies were then applied consisting of rat anti-IDO 1:200 (Santa Cruz) with either mouse anti-kynurenine 1:200 (Santa Cruz) or mouse anti-CD68 1:200 (Serotec) and either chicken anti-NFH 1:500 (Abcam) or rabbit anti-von Willebrand factor 1:200 (Dako) in (MAXbind Active Motif). These were left over night at 4°C. Samples were then washed before applying secondary antibodies and left for 90 min at room temp. Secondary antibodies consisted of 1:500 donkey anti-rat 488 (Dako), 1: 500 donkey anti-mouse 647 (Dako), 1:500 donkey anti-chicken 568 (Dako) and 1:500 donkey anti-rabbit 568 (Dako). Samples were washed with MAXwash and then 0.1M PBS before air drying at room temperature. Vectashield prolong diamond with DAPI (Thermofisher) was applied to samples and mounted with #1.5 glass cover skips. 
Samples were viewed at 10x & 20x magnification using a C1si laser scanning confocal microscope (Nikon) equipped with a 402-nm diode, a 488.1-nm solid state, a 561.4-nm diode-pumped solid state and 639-nm diode lasers used to excite FITC, DAPI, TRITC and Cy5 respectively. All samples were viewed with the same gain and intensity. Images were analysed in FIJI where the entire z projection was converted into an average signal for each wavelength. Brightness and contrast were then adjusted until a clear representative image had formed which was then split to form a montage.
[bookmark: _Hlk100433325]Differentiation of OLCs
HDPSCs supplied by Lonza were grown using a basic media of Knockout DMEM media (Gibco) supplemented with 1% L-Glutamine (Sigma), 1% Penicillin/Streptomycin (Gibco) and 10% FBS (Sigma). Cells were then differentiated into OLCs using this basic media supplemented with 0.1 uM Dexamethasone (Sigma) 10 mM β Glycerophosphate (Sigma) and 50 µg/mL ascorbic acid (Sigma). Control cells received basic media.
Von Kossa staining
[bookmark: _Hlk100429644]HDPSCs were seeded at 100,000 cells per well in 24 well plates and then cultured for 3 or 4 weeks with either differentiation or basic media before removing the supernatant and fixing with 4% PFA for 15 min. Cells were then stained using Silver plating kit acc. to von Kossa (Sigma) as per manufactures instructions. Cells were washed three times with PBS before imaging.
Alizarin Staining
[bookmark: _Hlk100432352][bookmark: _Hlk100475056]HDPSCs were seeded at 100,000 cells per well in 24 well plates and then cultured for 3 or 4 weeks with either differentiation or basic media before removing the supernatant and fixing with 4% PFA for 15 min. Cells were then washed three times with dH20, and 500 uL of 40 mM Alizarin red stain (MERCK) added to the wells before incubating at room temperature away from light. Alizarin red was removed, and the wells washed 4 times before imaging. 
The dye was extracted using 10% acetic acid for 10 min. This was then vortexed, heated to 85°C for 10 min and incubated on ice for 5 min. The sample was centrifuged at 10,000 g for 15 min after which the supernatant was added to 75 µL of 10% ammonium hydroxide and 50 µL transferred to wells on a 96 well plate alongside serial dilutions of Alizarin stain. Absorbance was read at 405nm using a Synuergy HT (BioTek) and a standard curve was used to calculate the concentration of each. 
Western blot
[bookmark: _Hlk100474621]HDPSCs were seeded at 400,000 cells per well in 6 well plates and cultured for 4 weeks with either differentiation or basic media. Supernatant was then removed before adding 200 µL of RIPA buffer (MERCK) while scraping for 5 min on ice. Samples were quantified using a BCA Protein Assay (Thermofisher) and 70 µg of protein separated in a 12% acrylamide gel using SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) with a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BioRad) alongside Chameleon® Duo Pre-stained Protein Ladder (Licor). The gel was then transferred onto a nitrocellulose membrane (Licor) using a Trans-Blot Turbo Transfer System (BioRad).
The membrane was blocked for 1 hr using Intercept blocking buffer (Licor) before washing and incubation with 1:1000 DSPP rabbit anti-human middle region (Aviva) and 1:25,000 β actin mouse anti-human (Proteintech Europe) at 4°C overnight. The membrane was then washed again before applying 1:10,000 IRDye® 800CW goat anti-Rabbit IgG Secondary Antibody and IRDye 680LT donkey (polyclonal) anti-mouse IgG (Licor). The membrane was washed three times before imaging at 700 nm and 800 nm channels on the Odyssey Fc Imaging System (Licor) and analysed using Image studio lite (Licor) to produce relative fluorescent intensity.
[bookmark: _Hlk100485093]RT-qPCR OLC validation
Cells were seeded at 100,000 cells per well in 24 well plates and then cultured for up to 4 weeks with either differentiation or basic media. The mRNA was extracted and purified using a GenElute™ Mammalian Total RNA Miniprep Kit (Sigma) as per the manufacturer’s instructions and quantified using a Nanodrop spectrophotometer (Thermofisher) to standardise to the same concentration. Conversion into cDNA was performed using high-capacity cDNA reverse transcription kit (Applied Biosystems) in a T100 thermal cycler (Bio-Rad).
Custom primers (Thermofisher) for GAPDH, DSPP and DMP-1 were designed using primer blast (Ye et al. 2012) and were diluted in nuclease-free water to 600 nM concentrations. Primers were run using Power SYBR Green Master Mix (Thermofisher) and validated using 1% agarose gel, melt curves and standard curves to ensure specificity and that efficiency was greater than 90%. Protocol was 95°C for 10 mins for activation followed by 40 cycles of 95°C for 15 sec to denature then 65°C for 1 min to anneal. Fold expression of each primer was calculated using the 2-ddCt with GAPDH as the reference gene.
 
	Primer
	Forward primer sequence
	Reverse primer sequence

	
GAPDH
	GCACCGTCAAGGCTGAGAAC
	ATGGTGGTGAAGACGCCAGT

	DSPP
	TGGCGATGCAGGTCACAAT
	CCATTCCCACTAGGACTCCCA

	DMP-1
	CACTCAAGATTCAGGTGGCAG
	TCTGAGATGCGAGACTTCCTAAA


Table 2 Primers used for qPCR analysis of OLCs. 
All primers were custom bought from Thermofisher and the forward and reverse sequence is listed.
 
Stimulation of OLC
HDPCs were seeded at 100,000 cells per well in 24 well plates and then cultured for 4 weeks. Following this the cells were exposed to either differentiation media or differentiation media supplemented with either 1 mg/mL of E.coli LPS (InvivoGen) or 1 µM of ODN2006 (InvivoGen) for 4 hrs and 24 hrs. After which supernatant was removed and stored for HPLC analysis and mRNA was extracted as per RT-qPCR OLC validation.
HPLC of stimulated OLC
For HPLC analysis 180 µL of supernatant was added to 20 µL of sodium acetate and left for 2 min at room temperature. 20 µL of 60% perchloric acid was then added and the samples incubated on ice for 10 min. Samples were filtered by placing in a 0.45 µm MultiScreen Solvinert filter plate (Millipore) and centrifuged at 2000 g 4°C for 10 min. Samples were then split between two plates one of which was analysed for KYN and TRP and one of which was analysed for KYNA via HPLC as described previously.
RT-qPCR of stimulated OLC
Quantification of mRNA and conversion to cDNA was performed as described for RT-qPCR OLC validation. Analysis of KP enzymes was performed using BioRad primers (Table 1) using the protocol listed in RT-qPCR of pulp samples. Fold expression of each primer was calculated using the 2-ddCt with GAPDH as the reference gene. 

Results
HPLC of dental pulp tissue
[bookmark: _Hlk100413460][bookmark: _Hlk100916345]HPLC data demonstrated a significant difference between healthy and irreversibly pulpitic samples for IDO activity (Figure 2). Median latencies in healthy and irreversibly pulpitic tissue were 0.990 and 6.350 respectively and the distributions in the two groups differed significantly (Mann–Whitney U = 180.5, healthy = 27 inflamed = 27, p ≤ 0.001). However, IDO activity was not correlated to the self-reported pain intensity (N=27, p = 0.375, r= 0.176) or self-reported duration of pain prior to treatment (N=27, p = 0.859, r= 0.0352) when tested via spearman rank correlation.
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[bookmark: _Hlk90999004]Figure 2 IDO activity in healthy and irreversible pulpitis samples
[bookmark: _Hlk100917473]IDO activity measured via HPLC in samples of inflamed and healthy pulp tissue. Data represents the median and interquartile range of the samples. Median latencies in healthy and irreversible pulpitis tissue were 0.990 and 6.350 respectively; the distributions in the two groups differed significantly (Mann–Whitney U = 180.5, healthy = 27 inflamed = 27, p ≤ 0.001***). 



[bookmark: _Hlk100413639]RT-qPCR of dental pulp tissue
[bookmark: _Hlk100151777][bookmark: _Hlk92270654]IDO mRNA expression was statistically significantly raised in inflamed versus healthy samples. Median latencies in healthy and inflamed were 1.017 and 5.377 respectively resulting in 5 times increase in inflamed samples compared to healthy controls (Mann–Whitney U = 54.0, n1 = 18 n2 = 16, p = 0.002; Figure 3A). KMO mRNA expression was also statistically significantly raised in inflamed samples compared to healthy samples, with median latencies in healthy and inflamed being 1.455 and 10.925 respectively; 7 times increase in inflamed samples compared to healthy controls (Mann–Whitney U = 152.0, healthy = 25 inflamed = 22, p = 0.009; Figure 3B). AADAT, the gene encoding KATII was found to have statistically significantly reduced mRNA expression in inflamed compared to healthy samples, median latencies in healthy and inflamed were 0.336 and 0.0242, roughly 13 times lower in inflamed samples compared to healthy controls (Mann–Whitney U = 15.0, healthy = 19 inflamed = 9, p <0.001; Figure 2C).  KYNU (Figure 3D), HAAO (Figure 3E) and ACMSD (Figure 3F) mRNA expression showed no difference in relative expression between inflamed and healthy samples when assessed via a Mann-Whitney test. QPRT showed increased MRNA expression in inflamed samples compared to healthy samples, with median latencies in healthy and inflamed being 1.528 and 7.353 respectively; a nearly 5 times increase in inflamed samples compared to healthy controls (Mann–Whitney U = 182.0, healthy = 28 inflamed = 24, P = 0.005; Figure 3G).
Immunofluorescence of dental pulp tissue
Primary antibodies to IDO, KYN, CD68, NFH and vWF were used alongside DAPI. Figure 4 compares IDO, KYN and vWF at 10x magnification and demonstrates an increase in KYN and IDO in inflamed tissue compared with healthy controls. Figure 4A demonstrates lines that stained heavily for both KYN and IDO, but which did not merge with vWF, implying the source was not vascular in origin. Figure 4B compares IDO, KYN and NFH at 20x magnification, again demonstrating increases in KYN and IDO throughout the tissue, but with intensive spots merging with staining for NFH implying an association between them. Figure 4C compares IDO, CD68 and NFH at 20x magnification. They exhibit widespread increases in both macrophages and IDO in inflamed tissue compared to healthy tissue, but again strong merging of signals can be identified between IDO and NFH distinct from the presence of macrophages.
Validation of ‘Odontoblast like cells’
Once OLCs were differentiated validation of the OLCs was performed via staining with von Kossa and Alizarin red, protein quantification of DSPP and mRNA expression of DSPP and DMP-1.  Staining of OLCs with von Kossa or Alizarin Red showed more intense results in differentiated samples and appeared to be strongest at four weeks (Figure 5A). This was verified by extraction and quantification of Alizarin Red staining which found that differentiation media at 4 weeks was significantly higher than controls at the same time point (Figure 5B). Protein quantification of DSPP performed via western blot (Figure 5C) showed that differentiation media had significantly raised levels of DSPP at four weeks compared to control media at the same time point (Figure 5D). RT-qPCR of OLCs which had undergone differentiation for 1-4 weeks found expression of DMP-1 was significantly raised at 3 and 4 weeks compared to control (Figure 5E) and expression of DSPP was raised at week three compared to control (Figure 5F).
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Figure 3 KP enzyme mRNA expression in pulp samples
[bookmark: _Hlk100425464]Inflamed and healthy pulp mRNA relative expression calculated using geoNorm with GAPDH and ACTB as reference genes. A. IDO median latencies in healthy and inflamed were 1.017 and 5.377; the distributions in the two groups differed significantly (Mann–Whitney U = 54.0, healthy = 18 inflamed = 16, p = 0.002**). B. KMO median latencies in healthy and inflamed were 1.455 and 10.925; the distributions in the two groups differed significantly (Mann–Whitney U = 152.0, healthy = 25 inflamed = 22, p = 0.009**. C. AADAT median latencies in healthy and inflamed were 0.336 and 0.0242; the distributions in the two groups differed significantly (Mann–Whitney U = 15.0, healthy = 19 inflamed = 9, p <0.001***. D. KYNU median latencies in healthy and inflamed were 0.431 and 0.141; the distributions in the two groups differed significantly (Mann–Whitney U = 64.0, healthy = 17 inflamed = 10, p =0.303. E. HAAO median latencies in healthy and inflamed were 0.405 and 0.128; the distributions in the two groups differed significantly (Mann–Whitney U = 74.0, healthy = 20 inflamed = 12, p =0.077. F. ACMSD median latencies in healthy and inflamed were 0.980 and 0.765; the distributions in the two groups differed significantly (Mann–Whitney U = 43.0, healthy = 8 inflamed = 11, p =0.967. G. QPRT Median latencies in healthy and inflamed were 1.528 and 7.353; the distributions in the two groups differed significantly (Mann–Whitney U = 182.0, healthy = 28 inflamed = 24, p = 0.005**.
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Figure 4 Immunostaining of healthy and irreversible pulpitis tissue 
[bookmark: _Hlk98860180]Representative images of a section of inflamed and healthy control pulp tissue obtained at UTHSC San Antonio. A. Immunostaining of DAPI (blue), antibodies to IDO (green), vWF (red) to show blood vessels and KYN (magenta) at 10x magnification. B. Immunostaining of DAPI (blue) to show the cell nucleus, antibodies to IDO (green), NFH (red) to show nerve fibres and KYN (magenta) at 20x magnification. C. Immunostaining DAPI (blue) to show the cell nucleus, antibodies to IDO (green), NFH (red) to show nerve fibres and CD68 (magenta) showing macrophages at 20x magnification. Composite panel shows a merged image for each staining. Coronal orientation is to top of each slide and composite panel shows a merged image of all signals. 
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Figure 5 ‘Odontoblast like cell’ validation 
[bookmark: _Hlk93070701][bookmark: _Hlk93947710][bookmark: _Hlk93948020][bookmark: _Hlk94001248][bookmark: _Hlk100478988]A. Representative images of three-week and four-week DPSCs cultured in control and differentiation media and subject to Alizarin red and von Kossa staining. B. Alizarin red staining quantification of three-week and four-week OLCs cultured with control and differentiation media. Samples are two repeats from three separate experiments for each group. All data was compared to their corresponding control in a Mann-Whitney test. Significant differences were found at week 4; median latencies in control and differentiated were 0.000 and 0.917 (Mann–Whitney U = 0.000, n1 = n2 = 6, p = 0.002**). C. Sample image of DSPP western blot showing control and differentiation DMEM media. DSPP shown at 125kD in green and ACTB shown at 43kD in red. D. Quantification of DSPP western blot via normalized fluorescence of DSPP and ACTB antibodies. Error bars represent the standard error for each group. Samples were evaluated at four weeks and are two repeats from three separate experiments for each condition. A significant difference was found between control (M =2.545, SD= 1.738) and differentiated samples (M= 6.238, SD= 3.638), t(10) = -2.24, p = 0.049*. E. Quantification of DMP-1 transcription from DPSCs following 28 days of differentiation or control media. RT-qPCR was used to measure DMP-1 and GAPDH levels. Relative DMP-1 mRNA expression was estimated using the 2-ddCt with GAPDH as the reference gene. Error bars represent the standard error of each group. Samples are two repeats from three separate experiments for each group apart from week 4 diff which was three separate experiments two of which had two repeats and one of one repeat. Significant differences were found at week three between control (M= 1.032, SD=0.286) and Differentiated (M=2.430, SD=1.477) t(10) = -2.276, p = 0.0461* and week 4; median latencies in control and differentiated were 1.005 and 4.024 (Mann–Whitney U = 1.000, n1 =6  n2 = 5, p = 0.009**). F. Quantification of DSPP mRNA expression from Lonza DPSCs following 28 days of DMEM odontogenic differentiation media. RT-qPCR was used to measure DSPP and GAPDH levels. Relative DSPP mRNA expression was estimated using the 2-ddCt with GAPDH as the reference gene. Error bars represent the standard error of each group. Samples are two repeats from three separate experiments for each group. A significant difference was found at week three between control (M= 1.087, SD=0.503) and Differentiated (M=2.795, SD=1.509) t(10) = -2.2631, p = 0.0251*. 
HPLC of stimulated OLC
Analysis of HPLC TRP levels (Figure 6A) demonstrated that a significant difference was present between the groups at 4 hrs (p <0.001) and 24 hrs (p = 0.046). Dunn’s method found that at 4 hrs the median levels of TRP for ODN 2006 (114.094) were significantly raised compared to the median of control (106.730) (q = 3.836, p <0.001) while at 24 hrs the median of TRP for LPS (104.840) was significantly lower compared to the median of control (107.486) (q = 2.480, p = 0.035). Analysis of HPLC KYN levels (Figure 6B) indicated a significant difference was present between groups at 4 hrs (p <0.001) but not at 24 hrs. Dunn’s method found that at 4 hrs the median KYN levels of ODN 2006 (17.199) were significantly raised compared to the median of control (15.996) (q = 4.049, p <0.001). Analysis of HPLC KYNA levels (Figure 6C) indicated no significant differences were present between the groups at 4 hrs or 24 hrs. Supernatant was also tested using a lactate dehydrogenase (LDH) assay and found to have no difference in cytotoxicity between the three conditions.
RT-qPCR of stimulated OLC
[bookmark: _Hlk100416132]IDO mRNA expression (Figure 7A) was found to have significant differences present between groups at 4 hrs (p = 0.006) and 24 hrs (p = 0.010). Dunn’s method found that at 4 hrs the median IDO expression for LPS (9.892) was significantly raised compared to the median of the control (0.987) (q = 2.812, p = 0.010) representing 9 times increase and that at 24 hrs the median IDO expression for ODN (12.234) was significantly raised compared to control (1.000) (q = 2.812, p = 0.010) representing a 12-fold increase. AADAT (Figure 7B) and HAAO (Figure 7C) mRNA expression was not found to have any significant differences present between groups at 4 hrs or 24 hrs. KMO mRNA expression (Figure 7D) was found to have significant differences present between groups at 4 hrs (p = 0.045) and 24 hrs (p = 0.003). Dunn’s method found that at 4 hrs the median expression of KMO for LPS (5.106) was significantly raised compared to the median of the control (0.994) (q = 2.379, p 0.035) representing 5 times increase and that at 24 hrs the median expression of KMO for ODN (7.486) was significantly raised compared to control (1.000) (q = 2.650, p = 0.016) representing a 7-fold increase. KYNU mRNA expression (Figure 7E) was found to have significant differences present between groups at 4 hrs (p = 0.010) and at 24 hrs (p = 0.010). A Tukey comparison test at 4 hrs found that the mean of KYNU mRNA expression for LPS (3.224) was significantly raised compared to control (1.018) (q = 4.809, p = 0.011) with a 3-fold increase. Dunn’s method found that at 24 hrs the median KYNU mRNA expression of LPS (3.347) was significantly raised compared to control (1.000) (q = 3.028, p = 0.005) again displaying a 3-fold increase.  QPRT mRNA expression (Figure 7F) was found to have significant differences present between groups at 24 hrs (p = 0.003) but not at 4 hrs. Dunn’s method found that at 24 hrs the median mRNA expression of QPRT for ODN (4.199) was significantly raised compared to control (1.000) (q = 2.704, p = 0.014) representing a 4-fold increase.
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[bookmark: _Hlk97827647]Figure 6 TRP data for stimulated OLC 
[bookmark: _Hlk97815353][bookmark: _Hlk100514347][bookmark: _Hlk97832340][bookmark: _Hlk98866476][bookmark: _Hlk97832972]HPLC measurement of supernatant from OLCs differentiated for 28 days and then stimulated with LPS or ODN2006 for 4 or 24 hrs. Each group represents four repeats from three separate experiments. A. TRP levels, a One Way ANOVA on ranks indicated a significant difference was present between groups at 4 hrs (H= 14.716, 2d.f, p <0.001), and Dunn’s method found that the median of ODN 2006 (114.094) was significantly raised compared to control (106.730) (q = 3.836, p <0.001***). A One Way ANOVA on ranks indicated a significant difference was present between groups at 24 hrs (H= 6.155, 2d.f, p = 0.046), and Dunn’s method found that the median of LPS (104.840) was significantly lower compared to control (107.486) (q = 2.480, p 0.035*). B. KYN levels, a One Way ANOVA on ranks indicated a significant difference was present between groups at 4 hrs (H= 14.716, 2d.f, p <0.001), and Dunn’s method found that the median of ODN 2006 (17.199) was significantly raised compared to control (15.996) (q = 4.049, p <0.001***). A One Way ANOVA on ranks indicated no significant differences were present between the groups at 24 hrs (H= 3.668, 2 d.f, p = 0.160). C. KYNA levels, a One Way ANOVA on ranks indicated no significant differences were present between the groups at 4 hrs (H= 2.839, 2 d.f, p = 0.242) or 24hrs (H= 1.716, 2 d.f, p = 0.424). 
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[bookmark: _Hlk97818868][bookmark: _Hlk98868133]Figure 7 KP enzyme mRNA expression in stimulated OLC 
[bookmark: _Hlk98866751]KP mRNA expression from OLCs stimulated with LPS or ODN for 4 or 24 hrs. RT-qPCR used to measure fold expression relative to GAPDH using the 2–∆∆Ct method. Each group represents two repeats from three separate experiments. A. IDO a One Way ANOVA on ranks indicated a significant difference was present between groups at 4 hrs (H= 10.152, 2d.f, p = 0.006) and 24 hrs (H= 9.179, 2d.f, p = 0.010). Dunn’s method found that at 4hrs the median of LPS (9.892) was significantly raised compared to control (0.987) (q = 2.812, p = 0.010**) and that at 24hrs the median of ODN (12.234) was significantly raised compared to control (1.000) (q = 2.812, p = 0.010**). B. AADAT a One Way ANOVA on ranks indicated no significant differences were present between groups at 4hrs (H= 4.012, 2d.f, p = 0.135) or 24 hrs (F(2,6) = 2.423, p = 0.123). C. HAAO a One Way ANOVA on ranks indicated no significant differences were present between groups at 4 hrs (H= 5.509, 2d.f, p = 0.064) or 24 hrs (F(2,6) = 1.128, p = 0.351). D. KMO a One Way ANOVA on ranks indicated a significant difference was present between groups at 4 hrs (H= 6.222, 2d.f, p = 0.045) and 24 hrs (H= 11.661, 2d.f, p = 0.003). Dunn’s method found that at 4hrs the median of LPS (5.106) was significantly raised compared to control (0.994) (q = 2.379, p 0.035*) and that at 24 hrs the median of ODN (7.486) was significantly raised compared to control (1.000) (q = 2.650, p = 0.016*). E. KYNU a One Way ANOVA indicated a statistically significant difference was present at 4 hrs (F(2,6) = 6.312, p = 0.010) and a pairwise Tukey comparison test found that the mean of LPS (3.224) was significantly raised compared to control (1.018) (q = 4.809, p = 0.011*). A One Way ANOVA on ranks indicated a significant difference was present between groups at 24 hrs (H= 9.310, 2d.f, p = 0.010), and Dunn’s method found that the median of LPS (3.347) was significantly raised compared to control (1.000) (q = 3.028, p = 0.005**). F. QPRT a One Way ANOVA on ranks indicated significant differences were present between groups at 24 hrs (H= 11.556, 2d.f, p = 0.003) but not at 4 hrs (H= 4.012, 2d.f, p = 0.135). Dunn’s method found that at 24 hrs the median of ODN (4.199) was significantly raised compared to control (1.000) (q = 2.704, p = 0.014*).


Discussion
IDO has been detected in irreversible pulpitis previously (Takegawa et al. 2014; Lee et al. 2016), but our results are the first to quantify a difference between IDO levels in healthy and irreversibly pulpitic samples and to demonstrate by HPLC that the increased IDO expression translates to an increase in IDO enzyme activity (Figure 2). This increased IDO activity means that there is the potential for an altered role of the KP within irreversible pulpitis beyond the immunoregulatory functions of IDO itself.  The increase in IDO activity did not seem to be related to intensity of self-reported pain or duration of pain prior to treatment. This was explored due to evidence suggesting the duration of pain prior to treatment is linked to the risk of persistent pain developing following root canal treatment (Nixdorf et al. 2016) and therefore to explore IDO as a marker for persistent pain risk. Perhaps a stronger indicator of the potential for persistent pain would be the QUIN/KYNA or KYN/TRP ratio, the latter of which is identified in the recent literature as positively correlated with pain intensity in TMD patients (Barjandi et al. 2020).
The increase in IDO enzyme activity in irreversible pulpitis is supported by the RT-qPCR results which showed an increase in IDO mRNA expression in irreversibly pulpitic samples (Figure 3A). Subsequently this showed increased mRNA expression of KMO and QPRT and decreased mRNA expression of HAAO the gene of KATII (Figure 3) in irreversible pulpitis tissue compared to healthy tissue with no changes to mRNA expression of the other enzymes tested. A schematic of the pathway incorporating the results from mRNA expression can be seen in Figure 8. These results indicate that for pulpitic samples KATII mRNA expression and potential generation of the neuroprotective KYNA is markedly reduced (almost 14 times lower) whilst increases in KMO and QPRT mRNA expression were almost 5 times higher in irreversible pulpitis tissue compared to healthy tissue. 
In health, the KP is in equilibrium with QUIN and KYNA production. Upsets to this equilibrium are associated with imbalances in activation of NMDA receptors and is linked to several chronic conditions including depression, bipolar disorder, and Alzheimer’s disease (Guillemin et al. 2003; Myint et al. 2007; Birner et al. 2017). The equilibrium is demonstrated in a Huntington disease model of fruit flies which showed that when KMO was knocked-out or pharmacologically blocked it led to a significant shift towards KYNA production and an associated reduction in neurodegeneration (Campesan et al. 2011). Our results in pulp tissue are of mRNA expression and not levels of proteins present, but they provide evidence to suggest that the increase in IDO enzyme activity identified in our data may drive the KP towards QUIN production and an associated increase in pain hypersensitivity mediated initially through NMDA receptor activation. The increase in IDO enzyme activity could also increase Picolinic acid production reducing the neurotoxic effect, but not the neuroexcitatory function, of QUIN which could therefore prolong the neuroinflammation and hypersensitivity experienced (Beninger et al. 1994). Yet if QUIN is producing neuroinflammation in irreversible pulpitis there exists the potential for this to be targeted therapeutically.
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Figure 8 KP mRNA expression in irreversible pulpitis
The KP in humans, updated to show qPCR results for relative quantification of enzyme mRNA expression with enzymes highlighted in bold. Green arrows up or red arrows down indicate increases or decreased in mRNA expression respectively for inflamed samples relative to healthy samples. Grey equals symbol denotes no change between inflamed and healthy samples was found.
 
Immunofluorescence imaging confirms previous findings in the literature that increases in IDO expression are present within irreversible pulpitis tissue and appears to occur alongside an increase in KYN expression as shown by the merging of antibody staining (green and magenta in Figure 4A). During initial analysis of the slides, fibre-like structures were highlighted in both KYN and IDO. It was suspected that these may be blood vessels or nerves, prompting investigation by staining with vWF and NFH. Staining with vWF did not show merging of signals with either KYN or IDO other than what might be seen from increased inflammatory cells in blood vessels. Staining with NFH however did provide strong merging of signals for both KYN and IDO to NFH, staining the fibres in yellow (Figure 4B). Although NFH is usually associated with myelinated fibres in other tissues, the majority of fibres in the dental pulp with the exception of sympathetic fibres are positive for NFH and are unmyelinated even though many of these are myelinated proximal to this (Henry et al. 2012). This means that NFH is likely a generic marker for sensory afferent fibres in dental pulp tissue. 
The localisation of KYN/IDO with afferent sensory fibres has not been reported previously. The intimacy of this association means that any potential shift in KP catabolism towards QUIN, and the subsequent uptake would be excitotoxic to any neurons regardless of origin.  Immunofluorescence demonstrated that IDO was associated with CD68, a marker for macrophages (Figure 4C) as reported previously (Lee et al. 2016), but also showed an association between KYN and CD68, indicating that further parts of the KP may take place in these cells. Even with the merging of signal associated with CD68 and NFH there was a much more widespread increase in IDO and KYN than just these tissues indicating that many cell types are involved and potentially contributing to extracellular release of KP catabolites and potential neuroinflammation.
For a few stages of the KP there are several isozymes which can facilitate catabolism: IDO1, IDO2 and TDO for the degradation of TRP, and KATI-KATIV to produce KYNA from KYN. Due to the limited amount of tissue obtained it was not possible to analyse all these isozymes. IDO1 was selected for this study as it is the most biologically active form with a much higher activity on TRP compared to IDO2 (Ball et al. 2007; Metz et al. 2007). TDO was discounted for this study as it is predominantly found in the liver (Britan et al. 2006) rather than peripheral tissues. KATII was selected for the study as it is well characterised, is reported to have the highest catalytic efficiency to KYN of the isozymes and operates at a physiological pH unlike KATIII (Han et al. 2004; Han et al. 2008; Han et al. 2009) meaning it is likely a good representation of KYNA production. This is demonstrated in mouse knockout models of KATII leading to a 66% reduction in extracellular hippocampal KYNA compared to wild type at 21 days (Potter et al. 2010). 
While it is accepted that an increase in IDO activity could translate into pain hypersensitivity through the activation of NMDA receptors via QUIN, one challenge to this theory is that NMDA receptors in the trigeminal nerve reside within the neuronal cell bodies of the trigeminal ganglion (Lee and Ro 2007) and not the peripheral dental pulp. However, a model using radiolabelled KYN in gerbils found that 4 days following an intraperitoneal injection of LPS, 35% of KYN and 48% of QUIN present within the brain tissue had originated from peripheral blood indicating there is the potential for QUIN to spread beyond the localised area of pulp tissue (Kita et al. 2002). Furthermore despite neurons being unable to produce QUIN, it can be easily taken up, transported and accumulate within neurons, while QPRT the enzyme produced by neurons to catabolises QUIN is saturated at 300 nM concentrations, levels at which physiologically QUIN produces it’s neurotoxic effects (Rahman et al. 2009). This means that for cases of persistent neuroinflammation, QUIN has the potential to accumulate within neurons near NMDA receptors and contribute to the development of persistent pain.
Staining of OLCs using von Kossa and alizarin red indicated that the differentiation process was successful via the detection of calcium deposits which were significantly raised at 4 weeks (Figure 5B). It is important to note that alizarin and von Kossa do not just stain calcium deposits but can produce characteristic red staining with magnesium, iron and aluminium (Puchtler et al. 1969). These ions do not frequently occur at high extracellular concentrations, but the risk of false positive results meant that further validation was sought. Western blot data found a nearly three-fold increase in DSPP level (Figure 5D). Although this antibody was raised against mouse DSPP the manufacturer Aviva systems biotechnology confirmed it was 100% homologous with human DSPP and provided a nucleotide sequence in which it was contained. When this sequence was blasted using Uniprot a 83.3% match for human DSPP was found (UniProt-Consortium 2021) validating its use.  Further confirmation was provided via relative expression of the DSPP and DMP-1 mRNA. Following validation of primers, a 3-fold increase in DSPP at 3 weeks and a nearly 4-fold increase in DMP-1 at 4 weeks was found. It was therefore thought that 4 weeks differentiation provided the most reliable OLCs, and this was used for stimulation experiments in keeping with timeframes that have been used for generation of OLCs in the literature (Couble et al. 2000; Durand et al. 2006). 
HPLC measurements from supernatant of stimulated OLCs found that for ODN2006, the levels of TRP and KYN were significantly raised at 4 hrs while LPS was found to have a lower level of TRP at 24 hrs and neither had any changes at 4 hrs or 24 hrs for KYNA (Figure 6). Increases in KYN for ODN2006 at 4 hrs and decreases in TRP at 24hrs reflects a potential increase in IDO activity of the cells in response to stimulus mimicking that seen in irreversible pulpitis. This agrees with a systemic stimulation study in humans which found that administration of E.coli LPS intravenously lead to a decrease in plasma TRP levels although this occurred after 4 hrs in their study rather than the 24 hrs seen here (Millischer et al. 2021). The increase in TRP levels at 4 hrs for ODN2006 is harder to explain. It may mean that the cells may have released greater amounts of TRP extracellularly something which has not been reported in the literature, however this was not present at 24 hrs, meaning it likely requires further investigation to determine if this true phenomenon and if so, what this indicates. 
RT-qPCR measurements from stimulated OLCs found that ODN2006 had 12-fold increases in mRNA expression of IDO, 7-fold increases in KMO and 5-fold increases QPRT at 24 hrs while LPS had 9-fold increases in IDO at 4 hrs, 5-fold increases in KMO at 4 hrs and 3-fold increases in KYNU at 4 hrs and 24 hrs. From this it can be seen that both stimulate the KP with ODN2006 coming closest in mimicking the changes in mRNA expression seen in pulpitic teeth causing fold increases in QPRT and KMO to the same level as irreversible pulpitis and an increased level of IDO mRNA expression. However, neither LPS nor ODN2006 stimulation produced any reduction in HAAO mRNA expression, the gene for the enzyme KATII responsible to produce KYNA. No changes in KYNA levels or HAAO transcription may mean that the stimulation has not affected KYNA and that these stimulants are not responsible for the reduction in KATII mRNA expression seen in irreversible pulpitis. Alternatively, it could be that the changes in transcription have yet to take effect, but this may be unlikely as a study stimulating human macrophages with INF-γ found that transcription levels peaked at 24 hrs, and that protein production peaked at 72 hrs. This means that RT-qPCR at 24 hrs would likely show any decrease if one were present. 
There are few papers which investigate stimulation with LPS or the effects of CpG ODNs on the KP. In addition, this is the first study to examine this pathway in OLCs meaning that there are few reference points within the literature to compare against. However, stimulation of OLCs with ODN2006 looks to be a good early proxy for the KP in irreversible pulpitis. This could no doubt be refined through co-culture ‘with neuronal like cells’ or macrophages to examine the complex interactions which may occur or stimulation with ODN2006 alongside other bacterial by-products and by tests to measure QUIN directly. However, it also acts as a means in which interventions can be trialled to understand KP in irreversible pulpitis further and look to push it away from QUIN production and back towards the neuroprotective KYNA.      
Conclusion
The KP appears to be upregulated in irreversible pulpitis with increases in IDO activity and changes in transcription of enzymes of the KP which indicate a shift away from the neuroprotective product KYNA and towards the neurotoxic product quinolinic acid. What is more, imaging of IDO and KYN immunofluorescently stained sections of pulp tissue imply that this process is taking place adjacent to or within sensory neurons indicating the KP may play a role in the severity of pain experienced during irreversible pulpitis and potentially the period following this. ‘Odontoblast like cells’ when stimulated with LPS and ODN2006 showed similar changes to the KP to that seen in irreversible pulpitis, in particular ODN2006 closely mimicked this response. The KP therefore represents a new avenue with which to understand the painful processes behind irreversible pulpitis and further investigation in this area may yield therapeutics which not only reduce pain in the immediate surgical period but potentially beyond this, preventing the transition to persistent pain.
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