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Acute hepatic porphyrias (AHPs) typically present with recurrent acute attacks of severe abdominal pain and acute autonomic dysfunction. While chronic symptoms were historically overlooked in the literature, recent studies have reported increased prevalence of chronic, mainly neuropathic, pain between the attacks. Here we characterize acute and chronic pain as prominent manifestations of the AHPs and discuss their pathophysiology and updated management. In addition to the severe abdominal pain, patients could experience low back pain, limb pain, and headache during acute attacks. Chronic pain between the attacks is typically neuropathic and reported mainly by patients who undergo recurrent attacks. While the acute abdominal pain during attacks is likely mediated by autonomic neuropathy, chronic pain likely represents delayed recovery of the acute neuropathy with ongoing small fiber neuropathy in addition to peripheral and/or central sensitization. δ-aminolaevulinic acid (ALA) plays a major role in acute and chronic pain via its neurotoxic effect, especially where the blood-nerve barrier is less restrictive or absent i.e., the autonomic ganglia, nerve roots, and free nerve endings. For earlier diagnosis, we recommend testing a spot urine porphobilinogen (PBG) analysis in any patient with recurrent severe acute abdominal pain with no obvious explanation, especially if associated with neuropathic pain, hyponatremia, autonomic dysfunction, or encephalopathy. Of note, it is mandatory to exclude AHPs in any acute painful neuropathy. Between the attacks, diagnostic testing for AHPs should be considered for patients with a past medical history of acute/subacute neuropathy, frequent emergency room visits with abdominal pain, and behavioral changes. Pain during the attacks should be treated with opiates combined with hemin infusions. Symptomatic treatment of chronic pain should start with gabapentinoids and certain antidepressants before opiates. Givosiran reduces levels of ALA and PBG and likely has long-term benefits for chronic pain, especially if started early during the course of the disease.
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Introduction

The Acute hepatic porphyrias (AHPs) are a group of inherited metabolic disorders due to the hepatic overproduction of the neurotoxic porphyrin precursors, δ-aminolaevulinic acid (ALA) and porphobilinogen (PBG) (1, 2). All AHPs have similar manifestations with recurrent acute attacks of severe abdominal pain and acute autonomic dysfunction (3, 4). Acute intermittent porphyria (AIP) is the most common AHP in Europe and the US. Variegate porphyria (VP) and hereditary coproporphyria (HCP) are rarer and may present with photosensitive skin lesions independent of the neurological manifestations (4).

Acute pain is the major manifestation of attacks, and most patients report severe abdominal pain (5, 6). Other types of pain, like back and limb pain were also reported during attacks (7, 8). The acute attacks are typically provoked by porphyrinogenic drugs that induce certain hepatic cytochrome P450 enzymes, hormonal changes in women during the luteal phase of menstrual cycle, and fasting. Over 90–95% of AIP patients who experience acute attacks are females with onset typically after puberty (9). While the prevalence of AIP pathogenic mutations in Caucasians is ~ 1/1,700 (10), the acute attacks occur in only ~ 1% (11).

The presence of chronic neurological symptoms was neglected for many years by porphyrinologists, and AHPs patients were considered “healthy” between attacks (1). However, clinical studies in the last decade reported chronic, mainly neuropathic, pain among 18% of US patients (9) and in most patients with recurrent attacks (12). The objectives of this review are to characterize pain as a prominent manifestation of the AHPs and to discuss its pathophysiology and updated management.



Clinical presentation of pain


During acute attacks
 
Abdominal pain

Most patients (74–100%) report severe abdominal pain (5, 6, 12). It usually lasts several hours to days and does not reach nadir before 2 days (6, 7, 13). Pain is severe enough to give an impression of an “acute catastrophe” in the abdomen. The pain character is either colicky or gnawing/aching and is commonly accompanied by nausea and vomiting (42–88%) (5). It was reported in different abdominal regions e.g., epigastrium, right iliac fossa, lower abdomen, or generalized over the whole abdomen (12). The abdominal examination and routine laboratory/radiologic workups are often unremarkable (2).

If an acute attack remains untreated or worsened by additional provoking factors (as noted above), it proceeds to acute neuropathy and/or encephalopathy, often termed a “severe acute attack” (14). If an acute attack is treated immediately, it is usually limited to abdominal pain, dysautonomia (tachycardia and elevated systolic blood pressure), and mild cognitive symptoms. The abdominal pain during acute attacks is severe either way, typically scored >9 on a visual analog scale (14). The neurological deficit usually develops after 3–21 days of abdominal pain and dysautonomia (Figure 1) (1). When progressive muscle weakness manifests, the intensity of abdominal pain may abate (7, 15), which may lead to a misdiagnosis of Guillain Barre syndrome (GBS). In recurrent attacks, with incomplete neurologic recovery, muscle weakness can start sooner after abdominal pain, or even precedes it (16).
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FIGURE 1
 Onset and duration of pain syndromes and weakness during an acute attack. MRC, medical research council; VAS, visual acuity scale. Abdominal pain (dotted line), back pain (dash line), limb pain (thick solid line), and muscle weakness (thin solid line).




Lower back pain

A third to a half of cases reported back pain mainly in the lumbar area (8, 17). The back and limb pain were pooled together in most studies with prevalence of 25% in mild sporadic attacks (18) and 50–70% in severe or mixed attacks suggesting partial association with neuropathy (5). Patients with recurrent attacks reported prevalence of limb over back pain during the acute attacks (12).



Limb pain

Limb pain is common (50–68%) and severe with acute porphyric neuropathy (5). It manifested as a severe deep myalgic or superficial neuropathic burning pain (12) lasting for 1–2 weeks (Figure 1). Porphyric neuropathy is predominantly motor (5, 7, 14) but may be associated with a proximal pattern sensory loss “old bath-costume distribution” differing from the classic length-dependent neuropathy (5, 7, 14). Paresthesia, dysesthesia, or hyperesthesia indicative of neuropathic pain are common (5, 7, 8, 13). Neuropathic pain is also common in acute attacks without overt motor weakness (6), especially in recurrent attacks (77%) (12). Several cases of rhabdomyolysis during acute attacks have been reported (19–21). However, the creatinine kinase levels in patient series were rarely reported, and thus, the frequency of rhabdomyolysis and its role in myalgia during attacks remains unclear.



Headache

Headaches are infrequent, yet can be severe, during an acute attack (7, 8, 22, 23). It is commonly associated with hypertension and has been reported with posterior reversible encephalopathy syndrome (PRES) (22–24). However, headaches are less common in porphyric PRES than in PRES of other origins, as AHP patients could be distracted by the exceedingly more severe abdominal pain (23).




Between the attacks

Although most (82–94.4%) AHP patients do not feel pain outside the attacks (9, 17), some groups of patients frequently report mild to moderate chronic pain:


Patients with recurrent acute attacks

A prospective natural history study of 112 AHP patients experiencing recurrent attacks (≥3/year) or receiving prophylactic hemin treatment reported that chronic pain was present in 40% of patients (12). Similar percentages were reported in other series, and 25% of patients experienced daily pain (12, 25, 26). Chronic pain ranged from manageable with little impact, to having a significant impact on daily activities (26). Half of AHP patients were reported using opioids between attacks (12). In descending order, abdominal pain was the most frequent followed by headache, back pain, limb pain, and myalgia (12). The frequency of chronic pain did not differ significantly between patients who were on prophylactic hemin treatment and those who were not. Chronic pain mainly represented the neuropathic type based on burning and tingling sensations, poor response to pain medications, and partial loss of limb sensations, reported by 47% of patients with recurrent attacks during partial remission (26). In some cases, it was diffuse, involving the whole abdomen or the “entire body” (25, 26). The overlap of sensory (19%) and motor neuropathy signs (22%) (27) and chronic pain (25–40%) in these patients was common (12, 25, 26).



Delayed recovery from porphyric neuropathy

Recovery from acute porphyric neuropathy may take up to 2 years and is frequently complicated by chronic neuropathic pain associated with numbness, but detailed data are lacking (14).





Diagnostic testing


During acute attacks
 
Urine PBG and ALA testing

Any patient with recurrent severe acute abdominal pain with no obvious explanation should be screened for AHPs, especially if associated with neuropathic pain, hyponatremia, autonomic manifestations, or encephalopathy. An acute attack can be effectively diagnosed when the spot urine PBG, per mg urine creatinine, is markedly elevated. Note, that “urine porphyrins” may not be increased during the attacks and should not be first-line tests (15). DNA testing confirms the diagnosis and determines the AHP type.



Nerve conduction studies and electromyography

NCS-EMG studies typically show diffuse, motor-predominant, axonal neuropathy in patients with acute porphyric neuropathy. They help exclude other differential diagnoses (e.g., GBS, etc.) when associated with normal cerebrospinal fluid protein (28). It is still mandatory to exclude AHPs by testing urine PBG in any acute painful neuropathy (29).




Between the attacks

AHP patients with chronic porphyric neuropathy symptoms may present to neurologists for evaluation of small fiber neuropathy (SFN). Diagnostic testing for AHPs should be considered for patients with a previous history of acute/subacute neuropathy, frequent emergency room visits with abdominal pain, and behavioral changes (15).


Laboratory testing

It is often challenging to distinguish flares of chronic pain from acute attacks based on clinical assessment without biochemical studies (2). Urinary PBG decreases between attacks, but may remain increased for years, without symptoms, in AIP patients (30), typically increasing ≈2-fold with a new attack. Urinary ALA is always increased during acute attacks and remains elevated in ~ 62% of AIP cases between attacks (31). In contrast, in patients with HCP or VP, the levels of urinary ALA and PBG are less significantly increased during an acute attack and fall quickly when the attack resolves (15).



NCS-EMG

Electrodiagnostic testing lends objective evidence to chronic large fiber neuropathy as a sequela of acute neuropathy in cases of chronic neuropathic pain (28). While the encephalopathy and acute autonomic symptoms resolve quickly after starting treatment, recovery of the neuropathy from an electrophysiologic standpoint is slower, taking months, often with incomplete normalization of motor and sensory amplitudes (32). Earlier electrodiagnostic studies did not correlate the severity of the electrodiagnostic findings with disease duration or number of previous attacks (28).



Histopathologic studies

The main nerve biopsy findings in porphyric neuropathy are non-specific including axonal loss and Wallerian degeneration. Grouped demyelination was observed in association with axonal degeneration and is likely secondary to the primary axonopathy. Pure sensory nerves are often intact (33). Given this lack of specificity and the motor predominance in porphyric neuropathy, sural nerve biopsy is not needed, unless the indication is to exclude another differential diagnosis (28).

Skin punch biopsy helps confirm a diagnosis of SFN in chronic neuropathic pain when NCS are normal (34). Hseih et al. performed serial skin biopsies on an AIP patient during and right after an attack. They reported reduced intraepidermal nerve fiber density (IENF), on day 48 from onset that did not improve as of day 92 despite improving muscle strength. These findings underscore a potential role of SFN in the chronic pain patients develop between attacks (35).



Autonomic studies

Autonomic testing could provide evidence of functional impairment of the small nerve fibers. Evidence of cardio-vagal impairment between attacks has been reported in a cohort of genetically unconfirmed AIP patients (36). The assessed cardio-vagal parameters included the heart rate responses to deep breathing (HRDB), and Valsalva maneuver. The Valsalva ratio was normal during remission, whereas HRDB remained reduced (36). This discrepancy may reflect the higher sensitivity of HRDB (28). Another study used frequency-domain spectral analysis of heart rate variability and reported similar findings in a genetically confirmed Swedish AIP cohort (37).





Pathophysiology of pain

The peripheral nociceptors are axon terminals from small dorsal root ganglion (DRG) neurons that innervate somatic, vascular, and visceral structures. These neurons project to the dorsal horn and use L-glutamate as their primary neurotransmitter (38). ALA has structural similarities to GABA and glutamate and, thus, may serve as their receptor agonist or antagonist in a dose-dependent manner (39). Excess ALA causes mitochondrial impairment and decreased neuronal ATP production leading to dysfunctional fast axonal transport (40) in addition to mitochondrial and nuclear DNA damage in other cell lines (41). Elevated ALA levels are pro-oxidative in-vitro and are associated with increased formation of reactive oxygen species in neural tissue which could damage Schwann cells (42, 43).

The different subtypes of nociceptive DRG neurons express different ion channels and receptors; have different thresholds of activation by painful mechanical, thermal, or chemical stimuli; and terminate in different laminae of the dorsal horn, reflecting the complexity of pain pathways (44). Neuropathic pain is often a consequence of a primary lesion affecting these peripheral nociceptive axons or central pain pathways at the levels of the spinal cord, brainstem, or thalamus (45). This is different from inflammatory nociceptive pain that occurs in response to tissue injury. The nociceptive and the autonomic neural circuits share important features: (1) they are mediated by thin-myelinated and/or unmyelinated nerve fibers; (2) they respond to injury and show functional plasticity in response to local inflammation; (3) they involve overlapping areas and pathways in the central nervous system; and (4) their activity is influenced by emotional factors (46).


During acute attacks
 
Abdominal pain

The exact mechanisms of abdominal pain are still unclear (28). Autonomic neuropathy is likely responsible for most symptoms during attacks including the abdominal pain (5, 36). This was supported by finding occasional intestinal spasms alternating with dilatations without structural abnormalities in diagnostic laparotomies (7, 8, 13) and autopsy reports of vagus nerve demyelination, axonal loss, and chromatolysis of sympathetic ganglia (47). The blood-nerve-barrier (BNB) is less restrictive in the autonomic ganglia and absent at free nerve endings, including gastrointestinal small nerves (5, 36, 48), rendering these sites more vulnerable to ALA neurotoxic effects (28). ALA also has a direct gut-spasmodic effect (48) which is likely mediated by the gastrointestinal 5-HT receptors (49). Disturbance of tryptophan metabolism during acute attacks (50, 51) could contribute to the abnormal gut motility via 5-HT1A, 5-HT3, 5-HT4, and 5-HT7 receptors (52). Other mechanisms like intestinal vasoconstriction and ischemia were also suggested (53, 54).



Non-abdominal pain

Large (7, 32, 55) and small fiber neuropathy (35) were confirmed in cases with acute motor-predominant porphyric neuropathy. The prevalence of back and limb pain (70%) over muscle weakness (50%) in a some cohorts of acute attacks (56) suggested additional mechanisms of non-abdominal pain, other than limb neuropathy. The finding of low back pain preceding limb pain (Figure 1) suggests that the nerve roots are a primary site of pathology, evidenced by relative sparing of sensory NCS. Thus, porphyric neuropathy, similar to GBS, behaves like a polyradiculoneuropathy. Nerve roots, like autonomic ganglia, have less restrictive BNB and are more vulnerable to the toxic effect of ALA (28).




Between the attacks

The potential explanations of chronic pain in AHPs (Figure 2) could include on-going chronic SFN due to ALA neurotoxicity in “high-ALA excretors.” Givosiran therapy dramatically decreased ALA levels and reduced pain severity in AIP patients, but many still experienced chronic pain suggesting slow recovery of the neuropathy in patients with frequent attacks (57). Chronic peripheral sensitization reflects functional up-regulation of some sodium channels including Na v1.7, Na v1.8, and Na v1.9 on the free nerve endings. This could be elicited by proinflammatory mediators from the liver that are significantly elevated in AIP patients with recurrent attacks (58, 59). Some mediators potentially induce glutamate-mediated activation of N-methyl D-aspartate receptors. This results in calcium influx triggering several downstream cascades that maintain a state of hyperexcitability of the projecting neuron. This process is known as central sensitization (60) and is further enhanced by pain medication overuse.
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FIGURE 2
 Pathophysiology of pain in acute hepatic porphyrias. 5-HT, 5-hydroxy tryptamine (serotonin); ALA, δ-aminolaevulinic acid; GABA, gamma aminobutyric acid; PRES, posterior reversible encephalopathy syndrome.





Management of pain


During acute attacks

Specific treatment of the first acute attacks with heme preparations improves severe pain, dysautonomia, and neuropathy progression within a few days (1, 18, 61). Recurrent attacks can be prophylactically decreased or prevented with heme infusions or monthly subcutaneous givosiran (see below). Since abdominal pain is often intense (14), opiates are needed immediately. Doses are individualized, based on risk of adverse outcomes, prior effective doses, co-morbidities, concomitant medications, and response to therapy. Immediate-release opioids, including morphine, meperidine, oxycodone, tramadol, and fentanyl have been used without complication (1). Benzodiazepines, such as lorazepam, can be used in inpatient settings to potentiate the analgesic effect and to decrease the concomitant anxiety (61). Gabapentin and pregabalin should be used in acute attacks where clear neuropathic features are present. Stretching, sensory reintegration, and psychotherapy should be included in any rehabilitation program for porphyric neuropathy to prevent chronic pain. Opiates should be replaced with less addictive analgesics as early as possible and should be avoided for long-term use after discharge (61).



Between the attacks
 
Symptomatic pain management

Pharmacologic treatments of chronic neuropathic pain, in general, include certain antidepressants and antiepileptics (62). Antidepressants, like serotonin–noradrenaline reuptake inhibitors (duloxetine 60–120 mg/d, venlafaxine 150–225 mg/d) and tricyclic agents e.g., amitriptyline 25–150 mg/d are recommended first-line (63). Antiepileptics like pregabalin (150–600 mg/d) and gabapentin (1,200–3,600 mg/d) are also generally recommended first-line treatments by most scientific societies (63, 64). There is a potential risk of abuse with these antiepileptics and increased respiratory depression when combined with high-dose opioids (62). All the above-mentioned medications are deemed safe in porphyria 1. Table 1 includes porphyria-specific safety profiles of commonly used medications (28).


TABLE 1 Safety profiles of commonly prescribed neurologic medications (28).

[image: Table 1]

Chronic use of opioids was qualitatively studied in patients with recurrent attacks where all participants (n = 16) were prescribed narcotics. Most patients (56%) disliked taking them regularly due to side effects or concerns of abuse. Three participants reported struggling with addiction and felt they were not appropriately counseled (25). In general, tramadol (100–400 mg/d) and stronger opioids, like oxycodone and hydrocodone are moderately effective in peripheral neuropathic pain. These are recommended second and third-line, respectively, with careful evaluation of addiction risks (62–64). Naloxone should be prescribed for patients taking ≥ 50 mg morphine milligram equivalent a day (65). In general, we recommend treating mild to moderate chronic neuropathic pain (VAS<7) with antidepressants and gabapentoids. More severe pain can be treated with a short-term opioid regimen and/or heme on-demand infusions. NSAIDs and acetaminophen can be helpful with mild musculoskeletal pain, yet they are not recommended for neuropathic pain based on inefficacy and lack of evidence (63).



Healthy lifestyle modifications

These include adequate nutrition with achieving upper normal body mass index, cessation of smoking and alcohol, and stress-coping strategies. They should be implemented soon after diagnosis (1).



Prophylactic hemin infusions

Weekly, biweekly, or monthly IV hemin infusions have been used to reduce the frequency of attacks (9). A British audit of 22 patients with severe recurrent attacks who received 1–8 heme arginate infusions/month reduced pain frequency in 67% of patients. However, 12 patients continued to have repeated hospital admissions because of disease worsening, tachyphylaxis, or development of chronic pain (66).



siRNA silencing of ALAS1

Givosiran, an siRNA molecule directed against hepatic ALAS1 mRNA, was approved by the FDA and the European Medicines Agency, following a 6-month randomized, double-blinded, placebo-controlled phase-3 study in AHP patients. Monthly subcutaneous injections of 2.5 mg/kg led to 74 and 77% reduction in the mean annual attack rate and decreased annualized days of IV hemin use, respectively. The daily worst pain score was significantly lower in the AIP givosiran group compared with placebo (67). Real-world experience showed that givosiran prevented recurrent attacks in many patients and is most effective when given early in the disease course (57). Long-term experience will determine the effect of givosiran on improving the chronic pain in AHP patients.



Liver transplantation

Liver transplantation is curative for patients with severe recurrent attacks where medical management failed or caused significant complications (68, 69). It led to cessation of attack recurrence and improvement in chronic pain (70). However, the introduction of safer prophylactic therapies has greatly reduced the need for liver transplantation (28).





Conclusion

While acute abdominal pain, likely mediated by autonomic neuropathy, is a key symptom of AHP acute attacks, chronic pain is common and contributes to the disease burden. Chronic pain is mainly neuropathic and potential mechanisms include ongoing SFN, delayed recovery of acute neuropathy, and central and/or peripheral sensitization. ALA plays a major role in both acute and chronic pain via its neurotoxic effect, especially where the BNB is less restrictive or absent, i.e., the autonomic ganglia, nerve roots, and free nerve endings. Chronic high ALA excretors likely have chronic ALA-induced neuropathy. Severe episodic acute pain should be treated with opiates combined with hemin infusions, whereas recurrent acute attacks should be treated with monthly givosiran injections. Symptomatic treatment of chronic pain should start with gabapentinoids and certain antidepressants before opiates. Givosiran reduces ALA and PBG levels and likely has long-term benefits for chronic pain. Skin punch biopsy for IENF and autonomic studies could demonstrate if small fiber/autonomic neuropathy is common in chronic AHPs. Animal models for the disease could provide more information on whether potential pain mechanisms recently described in other neuropathies are also important in AHPs.



Author contributions

MK: writing and editing the original draft. EP: writing and editing the original draft and figures. RD: reviewing and editing the final manuscript version. All authors contributed to the article and approved the submitted version.



Funding

The open access publication fee for this manuscript was funded by the NIH Porphyria and Rare Disease Consortium (U54DK083909).



Acknowledgments

The authors would like to acknowledge Professor Raili Kauppinen for her thoughtful input on the content of the manuscript.



Conflict of interest

Author MK received consulting fees from Alnylam Pharmaceuticals. Author EP received consulting fees from Alnylam Pharmaceuticals and Recordati Rare Diseases. Author RD is a consultant for Alnylam Pharmaceuticals and Recordati Rare Diseases. He has received grants from both entities. He receives royalties for a licensed patent to Alnylam Pharmaceuticals.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1 http://www.drugs-porphyria.org/



References

 1. Pischik E, Kauppinen R. An update of clinical management of acute intermittent porphyria. Appl Clin Genet. (2015) 8:201–14. doi: 10.2147/TACG.S48605

 2. Bissell DM, Anderson KE, Bonkovsky HL. Porphyria. N Engl J Med. (2017) 377:2101. doi: 10.1056/NEJMra1608634

 3. Hift RJ, Meissner PN. An analysis of 112 acute porphyric attacks in Cape Town, South Africa: evidence that acute intermittent porphyria and variegate porphyria differ in susceptibility and severity. Medicine. (2005) 84:48–60. doi: 10.1097/01.md.0000152454.56435.f3

 4. Bissell DM, Wang B. Acute hepatic porphyria. J Clin Transl Hepatol. (2015) 3:17–26. doi: 10.14218/JCTH.2014.00039

 5. Pischik E, Kauppinen R. Neurological manifestations of acute intermittent porphyria. Cell Mol Biol. (2009) 55:72–83. doi: 10.1170/T841

 6. Bonkovsky HL, Dixon N, Rudnick S. Pathogenesis and clinical features of the acute hepatic porphyrias (AHPs). Mol Genet Metab. (2019) 128:213–8. doi: 10.1016/j.ymgme.2019.03.002

 7. Ridley A. The neuropathy of acute intermittent porphyria. Q J Med. (1969) 38:307–33.

 8. Stein JA, Tschudy DP. Acute intermittent porphyria. A clinical and biochemical study of 46 patients. Medicine. (1970) 49:1–16. doi: 10.1097/00005792-197001000-00001

 9. Bonkovsky HL, Maddukuri VC, Yazici C, Anderson KE, Bissell DM, Bloomer JR, et al. Acute porphyrias in the USA: features of 108 subjects from porphyrias consortium. Am J Med. (2014) 127:1233–41. doi: 10.1016/j.amjmed.2014.06.036

 10. Chen B, Solis-Villa C, Hakenberg J, Qiao W, Srinivasan RR, Yasuda M, et al. Acute intermittent porphyria: predicted pathogenicity of HMBS variants indicates extremely low penetrance of the autosomal dominant disease. Hum Mutat. (2016) 37:1215–22. doi: 10.1002/humu.23067

 11. Elder G, Harper P, Badminton M, Sandberg S, Deybach JC. The incidence of inherited porphyrias in Europe. J Inherit Metab Dis. (2013) 36:849–57. doi: 10.1007/s10545-012-9544-4

 12. Gouya L, Ventura P, Balwani M, Bissell DM, Rees DC, Stolzel U, et al. EXPLORE: a prospective, multinational, natural history study of patients with acute hepatic porphyria with recurrent attacks. Hepatology. (2020) 71:1546–58. doi: 10.1002/hep.30936

 13. Goldberg A. Acute intermittent porphyria: a study of 50 cases. Q J Med. (1959) 28:183–209.

 14. Pischik E, Bulyanitsa A, Kazakov V, Kauppinen R. Clinical features predictive of a poor prognosis in acute porphyria. J Neurol. (2004) 251:1538–41. doi: 10.1007/s00415-004-0584-z

 15. Gandhi Mehta RK, Caress JB, Rudnick SR, Bonkovsky HL. Porphyric neuropathy. Muscle Nerve. (2021) 64:140–52. doi: 10.1002/mus.27232

 16. Andersson C, Nilsson A, Backstrom T. Atypical attack of acute intermittent porphyria–paresis but no abdominal pain. J Intern Med. (2002) 252:265–70. doi: 10.1046/j.1365-2796.2002.01020.x

 17. Baumann K, Kauppinen R. Long-term follow-up of acute porphyria in female patients: Update of clinical outcome and life expectancy. Mol Genet Metab Rep. (2022) 30:100842. doi: 10.1016/j.ymgmr.2022.100842

 18. Mustajoki P, Nordmann Y. Early administration of heme arginate for acute porphyric attacks. Arch Intern Med. (1993) 153:2004–8. doi: 10.1001/archinte.1993.00410170078008

 19. Marsden JT, Peters TJ. Rhabdomyolysis in a patient with acute intermittent porphyria. Ann Clin Biochem. (2004) 41341–3. doi: 10.1258/0004563041201563

 20. Yrjonen A, Pischik E, Mehtala S, Kauppinen R, A. novel 19-bp deletion of exon 15 in the HMBS gene causing acute intermittent porphyria associating with rhabdomyolysis during an acute attack. Clin Genet. (2008) 74:396–8. doi: 10.1111/j.1399-0004.2008.01061.x

 21. Kiew CK, Lam A. Unexpected presentation of acute porphyria. BMJ Case Rep. (2021) 14:e241580. doi: 10.1136/bcr-2021-241580

 22. Kupferschmidt H, Bont A, Schnorf H, Landis T, Walter E, Peter J, et al. Transient cortical blindness and bioccipital brain lesions in two patients with acute intermittent porphyria. Ann Intern Med. (1995) 123:598–600. doi: 10.7326/0003-4819-123-8-199510150-00006

 23. Jaramillo-Calle DA, Solano JM, Rabinstein AA, Bonkovsky HL. Porphyria-induced posterior reversible encephalopathy syndrome and central nervous system dysfunction. Mol Genet Metab. (2019) 128:242–53. doi: 10.1016/j.ymgme.2019.10.011

 24. King PH, Bragdon AC, MRI. reveals multiple reversible cerebral lesions in an attack of acute intermittent porphyria. Neurology. (1991) 41:1300–2. doi: 10.1212/WNL.41.8.1300

 25. Naik H, Stoecker M, Sanderson SC, Balwani M, Desnick RJ. Experiences and concerns of patients with recurrent attacks of acute hepatic porphyria: a qualitative study. Mol Genet Metab. (2016) 119:278–83. doi: 10.1016/j.ymgme.2016.08.006

 26. Simon A, Pompilus F, Querbes W, Wei A, Strzok S, Penz C, et al. Patient perspective on acute intermittent porphyria with frequent attacks: a disease with intermittent and chronic manifestations. Patient. (2018) 11:527–37. doi: 10.1007/s40271-018-0319-3

 27. Wang B, Ventura P, Takase KI, Thapar M, Cassiman D, Kubisch I, et al. Disease burden in patients with acute hepatic porphyria: experience from the phase 3 ENVISION study. Orphanet J Rare Dis. (2022) 17:327. doi: 10.1186/s13023-022-02463-x

 28. Kazamel M, Desnick RJ, Quigley JG. Porphyric neuropathy: pathophysiology, diagnosis, and updated management. Curr Neurol Neurosci Rep. (2020) 20:56. doi: 10.1007/s11910-020-01078-8

 29. Pischik E, Kazakov V, Kauppinen R. Is screening for urinary porphobilinogen useful among patients with acute polyneuropathy or encephalopathy? J Neurol. (2008) 255:974–9. doi: 10.1007/s00415-008-0779-9

 30. Marsden JT, Rees DC. Urinary excretion of porphyrins, porphobilinogen and delta-aminolaevulinic acid following an attack of acute intermittent porphyria. J Clin Pathol. (2014) 67:60–5. doi: 10.1136/jclinpath-2012-201367

 31. Kauppinen R, von und zu Fraunberg M. Molecular and biochemical studies of acute intermittent porphyria in 196 patients and their families. Clin Chem. (2002) 48:1891–900. doi: 10.1093/clinchem/48.11.1891

 32. Wu CL, Ro LS, Jung SM, Tsai TC, Chu CC, Lyu RK, et al. Clinical presentation and electrophysiological findings of porphyric neuropathies: a follow-up study. Muscle Nerve. (2015) 51:363–9. doi: 10.1002/mus.24327

 33. Windebank AJ, Bonkovsky HL. Porphyric neuropathy. In:Dyck PJ, Thomas PK, , editors. Peripheral Neuropathy. Philadelphia: Elsevier Saunders (2005). p. 1883–92.

 34. Lauria G, Cornblath DR, Johansson O, McArthur JC, Mellgren SI, Nolano M, et al. EFNS guidelines on the use of skin biopsy in the diagnosis of peripheral neuropathy. Eur J Neurol. (2005) 12:747–58. doi: 10.1111/j.1468-1331.2005.01260.x

 35. Hsieh CH, Tsai HH, Lu TH, Chen YC, Hsieh MW, Chuang YC. Acute intermittent porphyria with peripheral neuropathy complicated by small-fiber neuropathy. Neuropathology. (2007) 27:133–8. doi: 10.1111/j.1440-1789.2006.00751.x

 36. Laiwah AC, Macphee GJ, Boyle P, Moore MR, Goldberg A. Autonomic neuropathy in acute intermittent porphyria. J Neurol Neurosurg Psychiatry. (1985) 48:1025–30. doi: 10.1136/jnnp.48.10.1025

 37. Blom H, Andersson C, Olofsson BO, Bjerle P, Wiklund U, Lithner F. Assessment of autonomic nerve function in acute intermittent porphyria; a study based on spectral analysis of heart rate variability. J Intern Med. (1996) 240:73–9. doi: 10.1046/j.1365-2796.1996.513854000.x

 38. Scholz J, Broom DC, Youn DH, Mills CD, Kohno T, Suter MR, et al. Blocking caspase activity prevents transsynaptic neuronal apoptosis and the loss of inhibition in lamina II of the dorsal horn after peripheral nerve injury. J Neurosci. (2005) 25:7317–23. doi: 10.1523/JNEUROSCI.1526-05.2005

 39. Muller WE, Snyder SH. delta-Aminolevulinic acid: influences on synaptic GABA receptor binding may explain CNS symptoms of porphyria. Ann Neurol. (1977) 2:340–2. doi: 10.1002/ana.410020415

 40. Dixon N, Li T, Marion B, Faust D, Dozier S, Molina A, et al. Pilot study of mitochondrial bioenergetics in subjects with acute porphyrias. Mol Genet Metab. (2019) 128:228–35. doi: 10.1016/j.ymgme.2019.05.010

 41. Onuki J, Chen Y, Teixeira PC, Schumacher RI, Medeiros MH, Van Houten B, et al. Mitochondrial and nuclear DNA damage induced by 5-aminolevulinic acid. Arch Biochem Biophys. (2004) 432:178–87. doi: 10.1016/j.abb.2004.09.030

 42. Monteiro HP, Bechara EJ, Abdalla DS. Free radicals involvement in neurological porphyrias and lead poisoning. Mol Cell Biochem. (1991) 103:73–83. doi: 10.1007/BF00229595

 43. Felitsyn N, McLeod C, Shroads AL, Stacpoole PW, Notterpek L. The heme precursor delta-aminolevulinate blocks peripheral myelin formation. J Neurochem. (2008) 106:2068–79. doi: 10.1111/j.1471-4159.2008.05552.x

 44. Lu Y, Perl ER. Modular organization of excitatory circuits between neurons of the spinal superficial dorsal horn (laminae I and II). J Neurosci. (2005) 25:3900–7. doi: 10.1523/JNEUROSCI.0102-05.2005

 45. Dworkin RH, Backonja M, Rowbotham MC, Allen RR, Argoff CR, Bennett GJ, et al. Advances in neuropathic pain: diagnosis, mechanisms, and treatment recommendations. Arch Neurol. (2003) 60:1524–34. doi: 10.1001/archneur.60.11.1524

 46. Benarroch EE. Chronic pain disorders with autonomic features. In:Benarroch EE, , editor. Autonomic Neurology. New York, NY: Oxford University Press (2014). p. 265–80.

 47. Gibson JB, Goldberg A. The neuropathology of acute porphyria. J Pathol Bacteriol. (1956) 71:495–509. doi: 10.1002/path.1700710222

 48. Cutler MG, Turner JM, Moore MR. A comparative study of the effects of delta-aminolaevulinic acid and the GABAA agonist, muscimol, in rat jejunal preparations. Pharmacol Toxicol. (1991) 69:52–5. doi: 10.1111/j.1600-0773.1991.tb00409.x

 49. Spencer NJ, Hu H. Enteric nervous system: sensory transduction, neural circuits and gastrointestinal motility. Nat Rev Gastroenterol Hepatol. (2020) 17:338–51. doi: 10.1038/s41575-020-0271-2

 50. Puy H, Deybach JC, Baudry P, Callebert J, Touitou Y, Nordmann Y. Decreased nocturnal plasma melatonin levels in patients with recurrent acute intermittent porphyria attacks. Life Sci. (1993) 53:621–7. doi: 10.1016/0024-3205(93)90271-4

 51. Gomez-Gomez A, Aguilera P, Langohr K, Casals G, Pavon C, Marcos J, et al. Evaluation of metabolic changes in acute intermittent porphyria patients by targeted metabolomics. Int J Mol Sci. (2022) 23:3219. doi: 10.3390/ijms23063219

 52. Grundy D, Schemann M. Enteric nervous system. Curr Opin Gastroenterol. (2006) 22:102–10. doi: 10.1097/01.mog.0000208459.46395.16

 53. Lithner F. Could attacks of abdominal pain in cases of acute intermittent porphyria be due to intestinal angina? J Intern Med. (2000) 247:407–9. doi: 10.1046/j.1365-2796.2000.00653.x

 54. Pulgar VM, Yasuda M, Gan L, Desnick RJ, Bonkovsky HL. Sex differences in vascular reactivity in mesenteric arteries from a mouse model of acute intermittent porphyria. Mol Genet Metab. (2019) 128:376–81. doi: 10.1016/j.ymgme.2019.01.005

 55. Albers JW, Robertson WC Jr, Daube JR. Electrodiagnostic findings in acute porphyric neuropathy. Muscle Nerve. (1978) 1:292–6. doi: 10.1002/mus.880010405

 56. Mustajoki P, Koskelo P. Hereditary hepatic porphyrias in Finland. Acta Med Scand. (1976) 200:171–8. doi: 10.1111/j.0954-6820.1976.tb08216.x

 57. Poli A, Schmitt C, Moulouel B, Mirmiran A, Talbi N, Riviere S, et al. Givosiran in acute intermittent porphyria: a personalized medicine approach. Mol Genet Metab. (2022) 135:206–14. doi: 10.1016/j.ymgme.2022.01.002

 58. Storjord E, Dahl JA, Landsem A, Fure H, Ludviksen JK, Goldbeck-Wood S, et al. Systemic inflammation in acute intermittent porphyria: a case-control study. Clin Exp Immunol. (2017) 187:466–79. doi: 10.1111/cei.12899

 59. Ricci A, Sandri G, Marcacci M, Di Pierro E, Granata F, Cuoghi C, et al. Endothelial Dysfunction in acute hepatic porphyrias. Diagnostics. (2022) 12:1303. doi: 10.3390/diagnostics12061303

 60. Latremoliere A, Woolf CJ. Central sensitization: a generator of pain hypersensitivity by central neural plasticity. J Pain. (2009) 10:895–926. doi: 10.1016/j.jpain.2009.06.012

 61. Stein P, Badminton M, Barth J, Rees D, Stewart MF, British, et al. Best practice guidelines on clinical management of acute attacks of porphyria and their complications. Ann Clin Biochem. (2013) 50:217–23. doi: 10.1177/0004563212474555

 62. Attal N, Bouhassira D. Advances in the treatment of neuropathic pain. Curr Opin Neurol. (2021) 34:631–7. doi: 10.1097/WCO.0000000000000980

 63. Moisset X, Bouhassira D, Avez Couturier J, Alchaar H, Conradi S, Delmotte MH, et al. Pharmacological and non-pharmacological treatments for neuropathic pain: systematic review and French recommendations. Rev Neurol. (2020) 176:325–52. doi: 10.1016/j.neurol.2020.01.361

 64. Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH, et al. Pharmacotherapy for neuropathic pain in adults: a systematic review and meta-analysis. Lancet Neurol. (2015) 14:162–73. doi: 10.1016/S1474-4422(14)70251-0

 65. Services TUSDoHAH. (2018) Available online at: https://www.hhs.gov/opioids/sites/default/files/2018-12/naloxone-coprescribing-guidance.pdf (accessed June 21, 2022).

 66. Marsden JT, Guppy S, Stein P, Cox TM, Badminton M, Gardiner T, et al. Audit of the use of regular haem arginate infusions in patients with acute porphyria to prevent recurrent symptoms. JIMD Rep. (2015) 22:57–65. doi: 10.1007/8904_2015_411

 67. Balwani M, Sardh E, Ventura P, Peiro PA, Rees DC, Stolzel U, et al. Phase 3 trial of RNAi therapeutic givosiran for acute intermittent porphyria. N Engl J Med. (2020) 382:2289–301. doi: 10.1056/NEJMoa1913147

 68. Soonawalla ZF, Orug T, Badminton MN, Elder GH, Rhodes JM, Bramhall SR, et al. Liver transplantation as a cure for acute intermittent porphyria. Lancet. (2004) 363:705–6. doi: 10.1016/S0140-6736(04)15646-8

 69. Yasuda M, Erwin AL, Liu LU, Balwani M, Chen B, Kadirvel S, et al. Liver transplantation for acute intermittent porphyria: biochemical and pathologic studies of the explanted liver. Mol Med. (2015) 21:487–95. doi: 10.2119/molmed.2015.00099

 70. Singal AK, Parker C, Bowden C, Thapar M, Liu L, McGuire BM. Liver transplantation in the management of porphyria. Hepatology. (2014) 60:1082–9. doi: 10.1002/hep.27086



OPS/images/fneur-13-1004125-t001.jpg
Anti-epileptic drugs
Carbamazepine, Phenobarbital, Valproic acid, Phenytoin, Felbamate
Oxcarbazepine, Eslicarbazepine, Ethosuximide, Topiramate, Perampanel
Lamotrigine, Lacosamide, Zonisamide, Vigabatrin, Levetiracetam, Clonazepam
Neuropathic pain drugs

Gabapentin, Pregabalin, Amitriptyline

Duloxetine, Venlafaxine

Opioids (except for Dextropropoxyphene)

Benzodiazepines

Diazepam, Lorazepam, Oxazepam, Midazolam

Zopiclone, Zolpidem, Zaleplon

Antidepressants

Mirtazapine, Escitalopram, Citalopram, Fluvoxamine, Trazodone, Agomelatine
Neuroleptics

Chlorprom:

ine, Levomepromazine, Fluphenazine, Prochlorperazine
Olanzapine, Clozapine, Trifluoperazine, Haloperidol, Droperidol, Sulpiride
‘Thioridazine, Melperone, Risperidone

Analgesics

Tbuprofen, Ketoprofen, Naproxen, Celecoxib, Etoricoxib, Acetylsalicylic acid, Indomethacin
Paracetamol

Metamizole, Phenazone

Musele relaxants

Baclofen

Carisoprodol

Cyclobenzaprine

Antiparkinson drug

Levodopa, Pramipexole, Rasagiline, Rop
Others*

Hydroxyzine

Triptans

Botulinum toxin

Melatonin

Safe/probably safe

+ o+ o+ o+

*Information on more drugs is available on http://porphyriadrugs.com/, and wiw.drugs-porphyria.org/index.php.

Probably unsafe

Unsafe





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Pain in acute hepatic porphyrias: Updates on pathophysiology and management



		Introduction



		Clinical presentation of pain



		During acute attacks



		Abdominal pain



		Lower back pain



		Limb pain



		Headache









		Between the attacks



		Patients with recurrent acute attacks



		Delayed recovery from porphyric neuropathy













		Diagnostic testing



		During acute attacks



		Urine PBG and ALA testing



		Nerve conduction studies and electromyography









		Between the attacks



		Laboratory testing



		NCS-EMG



		Histopathologic studies



		Autonomic studies













		Pathophysiology of pain



		During acute attacks



		Abdominal pain



		Non-abdominal pain









		Between the attacks







		Management of pain



		During acute attacks



		Between the attacks



		Symptomatic pain management



		Healthy lifestyle modifications



		Prophylactic hemin infusions



		siRNA silencing of ALAS1



		Liver transplantation













		Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Pain in acute hepatic porphyrias:
Updates on pathophysiology
and management





OPS/images/fneur-13-1004125-g001.gif
o e araan prerr—





OPS/images/fneur-13-1004125-g002.gif
CHRONIC PAIN between atacks

ACUTE PAIN dureg acute Facrons.
Gewemsine

stads (s resonsti)

T
e e Sy ey
e I )
iy [
[t s migame |
S - prmmrel v
St | S | |t
o
e ooy e
e et el s
Cr
prr— =
ety










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





