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Abstract

:

Histamine intolerance arises when there is a disparity between the production of histamine and the body’s ability to break it down. In the gastrointestinal tract, the primary enzyme responsible for metabolizing ingested histamine is diamine oxidase (DAO), and a shortage of this enzyme has been associated with some diseases related to the respiratory, cardiovascular, nervous, muscular, and digestive systems, in addition to migraines. The treatment of migraines typically revolves around the utilization of both anti-migraine and anti-inflammatory drugs, but their interaction with DAO is not thoroughly understood. In this study, we examined the impact of nonsteroidal anti-inflammatory drugs (NSAIDs) and anti-migraine medications on DAO activity through in vitro experiments. We also investigated their effects on the human intestinal cell line Caco-2, assessing changes in DAO expression (both at the mRNA and protein levels) as well as DAO activity. The tested drugs, including ibuprofen, acetylsalicylic acid, paracetamol, a combination of acetylsalicylic acid with paracetamol and caffeine, zolmitriptan, and sumatriptan, did not inhibit DAO activity or reduce their levels. However, naproxen reduced DAO protein levels in human enterocyte cultures while not affecting DAO activity. These results suggest that combining anti-inflammatory and anti-migraine drugs with DAO enzyme supplementation for migraine patients with DAO deficiency could be beneficial for healthcare professionals in their daily practice.
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1. Introduction


Headache disorders are on the rise worldwide, affecting billions of people in 2016 [1]. They include migraine and tension-type headaches, which contribute to disability-adjusted life years, and the global prevalence of headaches carries substantial societal costs and impacts [1]. Headaches are a common complaint worldwide, with primary headaches being much more common than secondary ones. Migraine and tension headaches are the most frequent primary headaches. [2]. Clinicians rely on the International Classification of Headache Disorders (ICHD) to diagnose and classify these conditions [3] aligned with the World Health Organization’s International Classification of Diseases (ICD-11) [4]. The management of migraine primarily involves the use of anti-migraine and anti-inflammatory drugs [5,6]. Different classes of medications are commonly employed for this purpose. Some analgesics, such as nonsteroidal anti-inflammatory drugs (NSAIDs) like ibuprofen and naproxen, are often recommended for their anti-inflammatory properties and pain-relieving effects [7,8]. These medications can help alleviate the intense pain and associated symptoms of migraines, providing relief to individuals experiencing these debilitating headaches [7]. Additionally, triptans, such as sumatriptan and rizatriptan, are widely used as specific anti-migraine drugs [9]. They work by constricting blood vessels in the brain and inhibiting the release of pain-inducing neurotransmitters [10]. Unfortunately, medications for migraine also have limitations in terms of efficacy, and many individuals continue to experience migraine attacks despite their use [11]. Additionally, long-term use of these medications may lead to undesirable side effects, further complicating treatment decisions [12]. Preventive treatment of episodic migraine includes nonspecific and migraine-specific drugs [13]. While medications from several pharmacological classes—such as anticonvulsants, beta-blockers, and antidepressants—have an established efficacy in migraine prevention, they are associated with a number of side effects [13]. Finally, medication-overuse headache is characterized by persistent headaches that occur due to the excessive use of various medications intended to relieve headaches [14]. The preferred treatment approach is discontinuing the overused medications. However, the current methods for achieving this withdrawal are primarily guided by expert recommendations rather than solid scientific evidence, partly because there is a lack of randomized controlled studies in this area.



Histamine is a neurotransmitter that plays a crucial role in various biological functions, including but not limited to inflammation, modulation of neural activity, and the control of immune responses [15]. The body naturally produces histamine, and it can also be obtained from dietary sources. However, when the levels of free histamine become elevated, it can lead to a condition called histamine intolerance (HIT), resulting in a range of undesirable symptoms including headaches, among others [16,17]. The primary mechanism for metabolizing diet histamine is in the gastrointestinal tract through the action of the diamine oxidase (DAO) enzyme and, consequently, deficiency in DAO is a major cause of HIT [18]. The International Society of DAO Deficiency reports that insufficient levels of DAO enzyme can lead to a range of negative impacts on different body systems [16]. These effects encompass the respiratory system (resulting in symptoms like nasal congestion and asthma [19]), the cardiovascular system (manifesting as hypotension, hypertension, and arrhythmias [20]), the central nervous system (causing conditions like hangover-like sensations, and dizziness [21]), the digestive system (contributing to issues such as irritable bowel syndrome, constipation, early satiety, stomach pain, and vomiting [22]), the muscular system (potentially leading to fibromyalgia and muscle pain [23]), and the skeletal system (potentially causing osteopathic pain [24]). In addition, HIT and DAO deficiency have been associated with migraines [25]. Indeed, single nucleotide polymorphisms (SNPs) in the DAO gene, linked with reduced activity of the DAO enzyme, are associated with the risk of developing migraine, particularly in women [26]. Although there is no definitive cure for HIT or DAO deficiency, individuals with these conditions can often manage their symptoms and enhance their quality of life through dietary adjustments and supplements like DAO enzymes [27]. Some pharmaceutical drugs, including proton pump inhibitors (PPIs) [28] and NSAIDs [29], have been reported to potentially inhibit DAO activity, which could lead to histamine-intolerance-related symptoms. Understanding these interactions is essential for patients with HIT who may be taking medications that affect DAO function.



Understanding the potential interactions between DAO and these medications is crucial because it could provide new insights into migraine management and may offer alternative strategies for improving migraine treatment, minimizing side effects, and reducing the risk of medication-overuse headaches. Thus, for the first time, this work evaluated the effects of DAO with the more common anti-inflammatory and anti-migraine drugs (ibuprofen, naproxen, acetyl salicylic, paracetamol, a commercially available combination of acetyl salicylic with paracetamol and caffeine -APC-, zolmitriptan, and sumatriptan). For this purpose, we conducted experiments to examine how DAO interacts with drugs used for anti-inflammatory and migraine treatment. We performed in vitro studies to directly test the inhibition of DAO activity. Additionally, we evaluated this interaction in a human gut intestinal cell line by examining changes in mRNA, protein levels, and enzyme activity.




2. Materials and Methods


The materials and methods are essentially explained in the study by Tobajas et al. [30], and they are briefly presented below. Details of Assessment of the Suppression of Diamine Oxidase Activity by Anti-Migraine Medications, Evaluation of Diamine Oxidase Activity Inhibition by Metabolized Anti-Migraine Medications, Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS), In vitro cell culturing and experimental treatments, Isolation of RNA and quantitative polymerase chain reaction (RT-qPCR) analysis, Extraction of proteins; Western Blot analysis; DAO activity within Caco-2 enterocytes; Statistical methods are available in the Supplementary Materials (Supplementary Material S1, Figure S1).



Cell Viability Measurement


Viability was measured by an MTT assay [2]. Cells were incubated for 24 h in the presence of three increased concentrations of the different treatments: ibuprofen (24, 194, and 388 µM); acetyl salicylic (2, 3.5, and 5 mM); paracetamol (10, 20, and 30 µM); APC (acetyl salicylic with paracetamol and caffeine; 150, 200, and 300 µM); naproxen (2.5, 3, and 5 µM); zolmitriptan (2, 3.5, and 5 µM); and sumatriptan (10, 20, and 100 µM). At the conclusion of the 24 h incubation period, the treatments were removed, and MTT was added to each well, incubating for additional 2 h at 37 °C. The resulting formazan precipitate was then resuspended in isopropanol. Absorbance readings were taken at both 570 nm and 650 nm as a reference. Viability values for the various treatments were calculated as a relative percentage compared to cells treated with the vehicle control. DMSO was employed as a negative viability control. Once the optimal dosage for each drug was determined, Caco-2 cells were seeded into 12-well plates to conduct the subsequent assays. These cells were exposed to the drugs of interest for 24 h to assess mRNA expression, protein expression, and DAO activity [30,31]. Furthermore, aminoguanidine was incorporated into the experimental design due to its established role as a DAO activity-inhibitory agent [32,33].





3. Results


3.1. DAO Activity Was Not Affected by the Presence of Anti-Inflammatory and Anti-Migraine Drugs


LC-MS/MS chromatography in vitro analyses showed no effects of the presence acetyl salicylic, zolmitriptan, paracetamol, APC (acetyl salicylic with paracetamol and caffeine), ibuprofen, and sumatriptan on the reduction in DAO activity, nor in low and high concentrations (Figure 1). Surprisingly, naproxen promoted a higher DAO activity at a lower concentration (increase of 22%) whereas the positive control aminoguanidine induced a strong down-regulation in DAO activity (Figure 1).



In order to determine whether alterations in the chemical composition of anti-inflammatory and anti-migraine drugs that occur during hepatic metabolism can affect DAO activity, we exposed these compounds to hepatic microsomes before conducting DAO activity tests. (Figure 2). No effects in DAO activity were observed after the incubation with metabolized anti-inflammatory and anti-migraine drugs, whereas incubation with the positive control for inhibition, aminoguanidine, produced an important DAO activity repression.




3.2. Effects of Selected Anti-Inflammatory and Anti-Migraine Drugs on Intestinal DAO


To assess the concentrations of anti-inflammatory and anti-migraine drugs and their potential influence on DAO regulation in the human enterocytes Caco-2 cell line, we carried out cell viability tests (MTT assays) across a range of drug concentrations, spanning from low to moderate and high doses (Figure 3a,b). There were no notable differences between the effects of anti-inflammatory and anti-migraine drugs and those of the vehicle on the human enterocytes (Figure 3a,b). The exception was APC (acetyl salicylic with paracetamol and caffeine), which demonstrated toxicity when administered at medium and higher doses (Figure 3a). Consequently, the selected concentrations to carry out the following analysis were ibuprofen (388 µM); acetyl salicylic (5 mM); paracetamol (30 µM); APC (150 µM); naproxen (2.5 mM); zolmitriptan (10 µM); sumatriptan (20 µM); and aminoguanidine (10 mg/mL).



In order to investigate how anti-inflammatory and anti-migraine drugs affect the gene expression of DAO in human Caco-2 enterocytes, mRNA expression assays (RT-qPCR) were performed (Figure 4). No differences were observed in the DAO mRNA expression enterocytes treated with the selected drugs, observing just a slight tendency to increase after the treatments with acetyl salicylic acid and sumatriptan. These results may suggest that anti-inflammatory and anti-migraine treatments do not interfere with DAO mRNA expression in human enterocytes.



To assess the impact of anti-inflammatory and anti-migraine drugs on the protein expression of DAO in human Caco-2 enterocytes, protein expression assays (Western blot) were performed (Figure 5). Aminoguanidine was employed as a negative regulator for DAO activity. Protein expression of DAO did not change in enterocytes treated with anti-inflammatory and anti-migraine drugs, with the exception of naproxen, which showed an important reduction in the DAO protein levels (Figure 5). These findings could indicate that treatments aimed at reducing inflammation and addressing migraines may not have a substantial impact on the regulation of intracellular DAO protein levels in human enterocytes.



To assess how anti-inflammatory and anti-migraine drugs influence DAO activity in human Caco-2 enterocytes, we conducted a specialized DAO fluorescent activity assay (Figure 6). No significant differences were observed for any of the anti-inflammatory and anti-migraine tested drugs. As described in the literature [32], a strong down-regulation in the DAO activity was observed in enterocytes treated with the aminoguanidine. These findings may indicate that anti-inflammatory and anti-migraine medicines do not modulate DAO activity in human enterocytes.





4. Discussion


The present research supports that the standard therapies for migraine treatment do not disrupt the function of DAO. This was confirmed through the assessment of DAO activity in both laboratory-based experiments as well as in a human cell line of intestinal epithelium. It is important to have in mind that naproxen was the unique medication that displayed a decrease in the expression of DAO protein. However, this reduction in protein levels did not result in a corresponding decrease in DAO activity, implying a lingering adverse impact of naproxen on the DAO system. Results of this study are relevant because the prevalence of migraine is increasing in various countries, regardless of gender, ethnicity, or economic conditions [34,35] and, consequently, it is highly probable that migraine patients present HIT or DAO deficiency. Based on previous clinical evidence [18], DAO supplementation could be a promising strategy in migraine patients with DAO deficiency, compatible with current pharmacological protocols. However, it is important to note that the specific interactions can vary depending on the individual and the pharmaceutical drug. Thus, healthcare providers should consider these interactions when prescribing drugs to treat migraine to individuals with HIT or DAO deficiency and carefully monitor their response to these treatments. These beneficial effects of DAO supplementation may be applied in other circumstances, such as in the management of medication overuse headache, which is a chronic secondary headache that results from the overuse of medication [14,36]. This is a prevalent clinical issue that necessitates effective management due to the substantial impairment experienced by these patients [36]. The best treatment strategy for medication overuse headache has been debated for years [37,38]; nonetheless, incorporating DAO supplementation as a complementary approach in patients with HIT or DAO deficiency could potentially assist in alleviating the symptoms associated with medication-overuse headaches. Similarly, the addition of DAO supplementation may lead to a decrease in the necessity, dosage, or duration of anti-migraine medications to address symptoms, consequently lowering the risk of experiencing adverse side effects [39]. This novel adjuvant role of DAO supplementation in migraine treatment has the potential to decrease the frequency and severity of migraine episodes, which, in turn, may reduce the chronic reliance on these medications [18], reserving their use for specific rescue situations when necessary. Hence, DAO supplementation might become the favoured choice for migraine prevention in individuals with HIT or DAO deficiency. In addition a higher hypersensitivity to NSAIDs in patients carrying an SNP of DAO, which causes decreased DAO metabolic capacity, has been described [40], which represents an additional limitation in the management of migraine in these group pf patients. DAO supplementation should complement physiological processes and could lead to a reduced reliance on other preventive medications or the doses required to achieve their preventive benefits.



Although a reduction in DAO protein expression was detected after exposure to naproxen, this alteration did not have a substantial impact on DAO activity. This finding illustrates that the recommended DAO dosage might require adjustments when taking it with naproxen and could potentially explain the lack of treatment effects or even exacerbated migraine symptoms. This is because naproxen could further reduce the ability to metabolize histamine in patients with DAO deficiency, triggering a transient HIT or DAO deficiency in migraine patients without an underlying primary DAO deficiency as a result of drug interactions [41]. This negative effect could be a consequence of the action of non-coding microRNAs (e.g., miR-34a-5p and miR-375) as regulators of DAO and, consequently, neuroinflammation, which is of great importance in adolescents who use naproxen [42,43,44].



There are several limitations of this study. One limitation of the current study is that the behaviour of cultured cells grown in a lab setting may not accurately mirror how cells behave within a living organism without capturing the natural variability observed in individuals’ responses to treatments or interventions, which restricts the applicability of our findings to humans. This discrepancy arises because cells in living organisms interact with various other cells, the extracellular matrix, immune system interactions, and the surrounding environment in intricate and ever-changing ways that are challenging to replicate in a laboratory. Furthermore, cells cultivated in a lab environment may undergo alterations in gene expression or behaviour due to the artificial conditions of their culture, including the absence of natural physical forces or the presence of growth factors that differ from those found in living organisms. To address these limitations, future research could explore preclinical animal models that mimic the complex microenvironment of living organisms more closely and allow for the evaluation of long-term effects and chronic conditions. Moreover, the results obtained from this study should be confirmed through clinical trials involving migraine patients.




5. Conclusions


To sum up, the findings from the selected anti-inflammatory and anti-migraine drugs, including acetylsalicylic acid, zolmitriptan, paracetamol, a combination of acetylsalicylic acid with paracetamol and caffeine, ibuprofen, and sumatriptan, did not demonstrate any inhibitory effects on the activity or levels of DAO, both in in vitro experiments and in human enterocytes cultures. In contrast, exposure to naproxen resulted in a decrease in DAO protein levels in human enterocyte cultures, without affecting DAO activity. Interestingly, in in vitro assays, naproxen even led to an increased DAO activity. Based on these findings, it appears that prescribing a combination of anti-inflammatory and anti-migraine medications alongside DAO enzyme supplementation for migraine patients who also have DAO deficiency may represent a valuable strategy in the management of migraine and in the prevention of medication-overuse headaches.
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Figure 1. DAO activity was not affected by the presence of ibuprofen, acetyl salicylic, paracetamol, APC (acetyl salicylic with paracetamol and caffeine), naproxen, zolmitriptan, and sumatriptan at the indicated concentrations. In contrast, naproxen induced DAO activity at the lowest dose tested (0.2 µM) and aminoguanidine produced an important reduction in DAO activity. Data are expressed as mean ± SEM. The results are expressed relative to the vehicle group. One-way ANOVA test followed by Dunnett’s post hoc test, * p < 0.05; **** p < 0.0001 vs. vehicle. 
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Figure 2. DAO activity was not affected by the presence ibuprofen, acetyl salicylic, paracetamol, APC (acetyl salicylic with paracetamol and caffeine), naproxen, zolmitriptan, nor sumatriptan previously incubated with microsomes. In contrast, aminoguanidine produced an important reduction in DAO activity. Data are expressed as mean ± SEM. The results are expressed relative to the vehicle group. One-way ANOVA test followed by Dunnett’s post hoc test, **** p < 0.0001 vs. vehicle. 
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Figure 3. Cell viability in human enterocytes Caco-2 treated with the indicated concentrations of analgesics/anti-migraine drugs. (a) I