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Abstract

:

Artesunate is the drug of choice for treating patients with severe malaria. Post-artesunate delayed hemolysis (PADH) is an uncommon adverse event from malaria treatment. Most patients with PADH are non-immune travelers. The pathophysiology of PADH is not fully understood, but the most likely mechanism is “pitting”, in which red blood cells carrying dead parasites killed by artesunate’s action are directed to the spleen for clearing the dead parasites. After the cleansing process, these red blood cells re-enter the circulation but with a smaller size and impaired integrity, resulting in a shortened lifespan of 7–21 days. Therefore, most patients with PADH usually present with clinical features of hemolytic anemia 7 days or later after the initiation of artesunate. To date, the benefits of artesunate treatment outweigh its adverse events, and no fatal cases have resulted from PADH. However, the hematological follow-up of patients with malaria treated with artesunate is recommended for clinicians to detect any delayed hemolytic event early and prevent potentially serious consequences.
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1. Introduction


Malaria, which is a mosquito-borne protozoan infection, remains one of the most important global health problems among people living in the tropics. According to the World Malaria report in 2021, malaria cases have risen from 227 million in 2019 to 241 million in 2020. This increased figure is most likely due to medical service disruptions affected by the coronavirus disease 2019 pandemic [1].



Severe malaria is a life-threatening clinical spectrum associated with multi-organ dysfunction and is predominantly caused by Plasmodium falciparum infection [1]. However, a small proportion of complicated cases are due to other non-falciparum malaria infections [2,3,4]. This disease can become fatal if timely and accurate management is not provided.



The parenteral form of artemisinin derivatives, such as artesunate or artemether, was originally extracted from the Chinese medicinal plant Artemisia annua (Qinghaosu) [5]. These derivatives have been introduced as the treatment of choice for severe falciparum and non-falciparum malaria in adults, children, and pregnant women since 2006 [6].



Major randomized, clinical trials have shown that the efficacy of artesunate is superior to that of quinine, which is the previous first-line medication for severe malaria. Artesunate significantly decreased the mortality rate of adults with severe falciparum malaria in Asia to 35% (from 22% to 15%), and that of children in Africa to 22% (from 10.9% to 8.5%) compared with treatment with quinine [7,8]. Artesunate also showed a preferable safety profile in these studies. Although quinine is effective for the treatment of severe malaria, serious complications, such as hyperinsulinemic hypoglycemia, cardiotoxicity, and hypotension, frequently occur owing to its narrow therapeutic window. Therefore, quinine has been decreasingly prescribed, whereas artesunate has subsequently been the treatment of choice for complicated malaria over the past decade, especially in North America, Europe, and Southeast Asia [7,9,10,11].



After intravenous artesunate use was implemented worldwide, several incidences of delayed-onset hemolytic anemia were reported. Hemolysis usually occurs 7–30 days after the initiation of artemisinin-based therapy. This phenomenon is called post-artesunate or artemisinin-delayed hemolysis (PADH). This condition has been found in patients who live in endemic areas [12,13] and in non-immune travelers, most of whom had been diagnosed with severe falciparum malaria [14,15]. The objective of this review is to outline the clinical significance of PADH, with a focus on new hypotheses, plausible pathophysiology, and new strategies for predicting PADH and its proper management.




2. Epidemiology


Based on the finding of previous studies, the prevalence of PADH is considerably lower in patients living in endemic countries than in those living in non-endemic countries. A study reported that the incidence of PADH was doubled in European patients, compared with those of African origin [16]. Previous research in Africa showed only a 5% prevalence of PADH in children treated with intravenous artesunate [12]. On the other hand, studies performed on non-immune travelers demonstrated the prevalence of PADH to be as high as 50%, and more than half of the affected cases required blood transfusion [16,17]. Hyperparasitemia in severe malaria, with more than 5% of infected erythrocytes, is considered a major risk factor for PADH [6,14]. The occurrence of PADH is most commonly reported with the use of the intravenous form of artemisinin derivatives, but it has also been reported in those treated with oral artemisinin-based combination therapy, intramuscular injection, and the rectal form [18,19,20]. Despite the increasing number of PADH cases, with its severity ranging from mild to severe, no fatal outcome has been caused by PADH to date [21].



According to the meeting of the Medicines for Malaria Ventures in 2013, experts recommend that artesunate should be continued as the mainstay treatment of severe malaria. However, physicians need to recognize the condition of post-treatment hemolytic anemia or PADH because it can develop up to 1 month after the initiation of artesunate [18]. Little information is available on PADH. Therefore, the World Health Organization emphasizes the importance of pathophysiological and prospective clinical trials to identify the mechanisms, prognostic factors, frequency, magnitude of severity, and exact time course of PADH [18]. A substantial number of prospective studies have been conducted on PADH, with variable results [13,22].




3. Pathophysiology


The pathophysiological mechanisms of PADH have been extensively studied. However, the exact mechanism of PADH is currently inconclusive [23]. Currently, the process called “pitting” is thought to be the most possible pathophysiology of PADH [21,24], and the pitting mechanism is believed to be associated with the pharmacokinetics of the drug itself (Figure 1).



Artemisinin derivatives are categorized as an endoperoxide moiety. Once artemisinin derivatives are distributed within the patient’s circulation, this drug elicits the cleavage of an endoperoxide bridge, which subsequently contributes to the production of reactive oxygen species and free radicals [25]. These toxic byproducts directly harm the viability of intra-erythrocytic malarial parasites and contribute to the eradication of young-stage malarial parasites, also known as ring-form trophozoites. Artemisinin derivatives have robust and rapid erythrocytic schizonticidal activity against Plasmodium spp. [7,8,17,21,26,27]. Therefore, artemisinin derivatives mitigate the risk of erythrocyte sequestration and reduce the development of severe malaria [25]. After malarial parasites are killed, the erythrocytes that still contain the dead malarial parasites undergo the parasite removal process via splenic inter-endothelial slits. This phenomenon occurring inside the spleen is called pitting [25,26,28].



The mechanism of pitting aids in the removal of dead parasites without causing hemolysis [17,25,29]. The debris of dead organisms is later engulfed by splenic macrophages, whereas the intact “once-infected” red blood cells travel back to the host’s circulation. However, pitting causes the once-infected red blood cells to become smaller with impaired structural integrity [27]. As a result, the life span of these once-infected red blood cells becomes considerably shortened, to approximately 7–21 days [28]. This mechanism is more frequently found with a higher pitting rate in artesunate-treated patients than in those who are treated with quinine [28,29]. Therefore, PADH is more likely to occur in artesunate-treated patients with a higher parasitemia level because there is a larger number of short-lived pitted red blood cells [26]. A cohort study conducted in western Africa confirmed this likelihood by showing that those with higher geometric mean parasite densities (GMPD) resulted in a higher incidence of hemolytic anemia on day 14 than those with lower GMPD (306,968/µL vs. 92,642/µL) [14]. However, PADH has also been reported in individuals with a low parasite count. The pitting mechanism is shown in Figure 2.



PADH is not only caused by the destruction of once-infected pitted cells but also by the destruction of uninfected red blood cells. In some cases, hemoglobin concentrations unexpectedly rapidly decrease. There may also be artesunate-suppressed hematopoietic precursor cells in bone marrow, causing the impairment of terminal erythroid differentiation via a direct effect on erythroblasts and indirectly via macrophages, as well as reticulocyte maturation. Several in vitro and in vivo studies in both human cells and animals suggested that artemisinin and derivatives have the dose-dependent inhibition of the proliferation of proerythroblasts and basophilic erythroblasts and erythroid differentiation effects. These effects consequently decrease erythrocyte and reticulocyte counts, a sensitive measure of erythropoiesis inhibition. Reticulocyte depletion is reversible and can return to a normal or higher level after the therapy. Therefore, the inhibition of erythropoiesis may contribute to PADH in patients receiving a high dose of artesunate [30,31,32,33].



Another proposed mechanism of PADH is drug-induced immune hemolytic anemia. That is because the pitting mechanism alone cannot explain the occurrence of delayed hemolysis in splenectomized patients. Furthermore, there have been increasing cases of PADH with positive direct antiglobulin test (DAT), which were successfully treated with corticosteroid administration [23,34,35]. This positive result of DAT suggests the possibility of autoimmune hemolytic anemia (AIHA) [36]. The etiology of hemolytic anemia can be either idiopathic or secondary to certain causes including medication. Scientists suggested the plausible pathophysiology explained by drug–anti-drug immune complex formation on the red blood cell surface; thus, the production of autoantibodies causes positive DATs and immune hemolytic anemia [20,37].



However, whether the positive DAT is an exclusive outcome of artesunate remains debatable. Apart from directly invading erythrocytes, malaria parasites inherently induce autoantibodies against “phosphatidylserine”, which is a surface antigen coated on uninfected erythrocytes of malaria-infected patients causing anemia during the active phase of malaria [38]. These autoantibodies expressed once infected may persist in the circulation, which may be detected later when PADH is suspected. For this reason, a prospective observational study to evaluate immune-mediated hemolytic anemia as a result of artemisinin treatment is paramount [39].



Bone marrow suppression has been hypothesized as one of the plausible etiologies of PADH as well [30]. An In vivo study found a decrease in reticulocyte counts after administering intravenous artesunate 4 mg/kg in healthy adults [40]. This is perhaps due to a temporary arrest of the basophilic erythroblast stage of erythrocytes resulting in low reticulocyte count, which leads to the early onset of anemia during active malaria. Once the anemia reaches its nadir phase, the bone marrow would be activated causing a rebound of erythropoiesis, which subsequently brings about a rising level of reticulocytes at the stage of PADH [41]. Anemia due to artemisinin was also demonstrated in animal models. A study conducted on rats showed mild anemia after giving a high dose of oral artemisinin (50–100 mg/kg/day) at 2-week and 4-week follow-ups [42,43]. An In vitro study using a leukemia cell line also confirmed that artemisinin derivatives inhibit erythroid differentiation [33].




4. Clinical Features and Laboratory Results


Most of the patients with PADH experience severe malaria with hyperparasitemia and are treated with artemisinin derivatives. The characteristics of patients with late-onset hemolysis are not different from those with other causes of hemolytic anemia, which include anemia, jaundice, and dark urine [18,44,45]. There needs to be an awareness of the overlapping clinical features between PADH and hemolytic anemia caused by malaria infection, such as blackwater fever and severe hemolysis. However, patients without clinical symptoms, but with a hemolytic anemia profile, have also been reported occasionally during malaria post-treatment follow-up visits [27,44,46]. PADH seems to be dose-independent [46]. There was no evidence that supports the relationship between delayed parasite clearance and the development of PADH despite longer treatment duration.



Currently, no official standard diagnostic criteria for PADH are available [17]. A patient should be suspected as having PADH if a new onset of hemolytic anemia without parasitemia develops more than 7 days after the initiation of artemisinin derivatives. This typical history is commonly known as the delayed type of PADH. Another pattern is called persistent PADH, in which a decline in the hemoglobin concentration is found at approximately day 7 after the beginning of artemisinin medication. The anemia remains constant and persists beyond day 14 [20,24,25]. Most importantly, other potential causes of hemolytic anemia must be excluded (Table 1).
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Table 1. Differential diagnosis of PADH [47,48].
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	Acquired
	Hereditary





	
	
Mechanical



	(1)

	
Microangiopathic (disseminated intravascular coagulation, thrombotic thrombocytopenic purpura, and vasculitis)




	(2)

	
Parasites and microorganisms (e.g., malaria, black water fever, babesiosis, bartonellosis, Clostridium perfringens, Rickettsia, Hemophilus influenzae, and human immunodeficiency virus)




	(3)

	
Drug-induced (drug-induced thrombotic microangiopathy, drug-induced immune hemolytic anemia, and oxidative hemolysis)










	b.

	
Antibody-mediated



	(1)

	
Warm and cold autoimmune hemolytic anemia




	(2)

	
Transfusion reactions (immediate and delayed)










	
	
Hemoglobinopathies (sickle cell disease, thalassemia, and hemoglobin defects)



	
Red cell membrane disorders (e.g., hereditary spherocytosis, paroxysmal nocturnal hemoglobinuria, and hereditary elliptocytosis)



	
Red cell enzyme defects (glucose-6-phosphate dehydrogenase or pyruvate kinase deficiencies)













The laboratory results need to be consistent with the profile of hemolytic anemia (Table 2). Hemolytic anemia is defined as a 10% decrease in hemoglobin concentrations, haptoglobin concentrations < 0.1 g/L, and an increase in the lactate dehydrogenase concentration to 390 IU/L or a rise in lactate dehydrogenase concentration of at least 10% after starting artesunate for more than 7 days [26]. Apart from the hemolytic anemia profile, few studies have reported dose-dependent neutropenia in patients treated with artesunate [46,49]. A summary of case reports of PADH is shown in Table 3.
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Table 2. Initial laboratory results found in a patient with PADH. (Adapted with permission from ref. [47], Copyright 2018).
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	Test
	Finding
	Cause





	Haptoglobin concentrations
	Low or absent
	Binds free hemoglobin (Hb)



	Lactate dehydrogenase concentration
	High
	Released from lysis of RBCs



	Reticulocyte count
	High
	Marrow response to anemia



	Unconjugated bilirubin
	High
	Increased Hb breakdown



	Urinalysis
	Urobilinogen, positive for blood
	Free Hb and its metabolites
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Table 3. Characteristics of PADH patients in case reports.
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	Jarvis et al. [50]
	Raffray et al. [23]
	Paczkowski et al. [51]
	Plewes et al. [52]
	Boillat et al. [27]
	Salehi et al. [53]
	Conlon et al. [20]
	Patel et al. [54]
	Matsee et al. [45]
	Martino et al. [46]





	Participant(s)
	1 adult

returned traveler
	1 adult

returned traveler
	2 adults

returned traveler
	1 adult

endemic area
	4 adults

returned traveler
	1 adult returned traveler
	1 adult

returned traveler
	1 child

endemic area
	1 adult

returned traveler
	1 child returned traveler



	Year
	2013
	2014
	2014
	2015
	2015
	2019
	2020
	2020
	2021
	2022



	Day of hemolysis detection
	8
	8
	9–11
	14
	8–28
	12
	8
	11
	15
	7



	Severity
	Severe without hyperparasitemia
	Severe without hyperparasitemia
	Severe with hyperparasitemia
	Severe with hyperparasitemia
	Severe with and without hyperparasitemia
	Severe with hyperparasitemia
	Severe with hyperparasitemia
	Severe without hyperparasitemia
	Not severe
	Severe with hyperparasitemia



	Sign/Symptom
	Fever, dyspnea, ankle swelling, anemia, jaundice, tachycardia, hepatosplenomegaly, dark urine
	Fever, fatigue
	Weakness, fatigue, SOB, leg edema
	Fever, rigors, headache, N/V, abdominal pain, jaundice
	Fever, fatigue, jaundice, SOB
	Fever, jaundice, headache, dark urine
	Fever, N/V
	Fever, weakness, loss of appetite, headache, anemia, jaundice, tachycar-dia, dark urine
	Malaise, fatigue
	Asymptomatic



	Laboratory findings
	Hb 4.1 g/dL, haptoglobin < 0.1 g/L, Normal LFT,

High LDH
	Hb 4.6 g/dL,

high LDH, absent haptoglobin
	Hb 5.7–6.8 g/dL, high LDH, TB, and reticulocyte count
	Hb 4.9 g/dL,

high LDH, decreased haptoglobin, normal G6PD
	Hb 5.6–12.4 g/dL, high LDH,

low haptoglobin, high reticulocyte count
	Hb 4.7 g/dL, high TB, LDH, 3994 U/L negative Coombs test, normal reticulocyte count
	Hb 10.2 g/dL,

low haptoglobin < 0.1 g/L, high LDH 1759 U/L, rising TB
	Hb 10 g/dL, hemolytic blood picture, high reticulocyte count, high LDH, parasitemia
	Hb 9.1 g/dL

LDH 1706 U/L,

low haptoglobin (<0.024 mg/mL), high reticulocyte count
	Hb 7.7 g/dL, high reticulocyte count, haptoglobin < 0.08 g/dL



	Laboratory findings at the follow-up
	No data
	Follow-up Day 52

Hb > 12 g/dL

Haptoglobin and LDH were within normal limits
	Follow-up Day 19

Hb 9.8 g/dL in one case

No data of another case
	No data
	Follow-up Day 28–35

Hb 10.5–14 g/dL

Low LDH
	No data
	No data
	Follow-up after 1 month

Hb 134 g/L

Other hematological parameters returned to normal range
	Follow-up Day 29

Hb 10.2 g/dL

Follow-up

2 months

Hb 13.3 g/dL

LDH 355 U/L
	Follow-up

day 21

Hb 9.2 mg/dL



	Blood transfusion
	Yes
	No
	Yes
	Yes
	Yes
	Yes
	Yes
	Yes
	No
	N/A







SOB = shortness of breath, N/V = nausea and vomiting, Hb = hemoglobin, LFT = liver function test, LDH = lactate dehydrogenase, TB = total bilirubin.











The positivity of direct antiglobulin tests has been reported in several PADH cases, suggesting drug-induced immune hemolytic anemia. When hemolysis is highly suspected, a DAT test should be performed to distinguish immune-related hemolytic anemia from other non-immune causes. A published case series reported that almost half of individuals with PADH had a positive DAT test [39]. DAT results were reported in detail in 13 of the 17 (76.5%) positive participants. Five (38.5%) of them showed an immunoglobulin G pattern, six (46.1%) presented with positivity for complement component C3d, and the remaining two (15.4%) were characterized by a mixed condition. However, this study concluded that late-onset hemolytic anemia was not associated with DAT positivity.




5. Role of the P. falciparum-Histidine-Rich Protein 2 Rapid Diagnostic Test for Predicting Subsequent PADH


Histidine-rich protein 2 (HRP2), which is a component of a histidine- and alanine-rich protein specifically produced by P. falciparum, is related to parasite proliferation and growth. HRP2 protein in once-infected erythrocytes remains positive for several weeks after parasite clearance.



A recent study adapted the widely used P. falciparum histidine-rich protein 2 (pf-HRP2) rapid diagnostic test to alternatively measure pf-HRP2 protein concentrations as a predictive marker for PADH in artesunate-treated patients. A previous study showed that pf-HRP2 protein concentrations in the whole blood of artesunate-treated patients were higher than those in patients treated with quinine [31]. Using a 1:500 dilution of the whole blood collected from artesunate-treated patients after recent parasite clearance, the positivity in an HRP2-based rapid diagnostic dipstick test showed promising efficacy in detecting PADH, with a sensitivity of 89% and a specificity of 73%. The results of this study may be a milestone in the development of a reliable diagnostic tool for the early detection of PADH in the near future.




6. Implementation


Although the potential risk of post-treatment hemolysis after the use of artesunate and other artemisinin derivatives is clearly evident in a substantial number of patients, particularly in non-immune patients, this concern should not be a reason to withhold this medication [18]. After discharge, weekly follow-up of artesunate-treated patients is recommended to clinicians for the monitoring and early detection of delayed hemolytic events. In each visit, a physician should search for signs and symptoms of hemolytic anemia, as well as perform a laboratory investigation for the early detection of hemolytic anemia, such as a complete blood count, serum haptoglobin concentrations, or lactate dehydrogenase concentrations [26]. Although fatality from PADH has not been reported, this condition may contribute to life-threatening anemia in some cases. In countries where safe blood products are not widely available, this event can cause a great burden on their healthcare system [21]. Therefore, vigilance for the detection of PADH, especially for non-immune patients with a high parasitemia level, is crucial.




7. Conclusions and Future Directions


This review highlights the requirement for the ongoing vigilance of post-treatment hemolysis in patients treated with artemisinin derivatives, regardless of the height of their parasite count [13]. Clinicians need to appreciate that PADH might emerge from more than one process, and other potential mechanisms and several contributing factors should also be taken into consideration. Moreover, a close follow-up of patients after malaria treatment is important to diagnose and differentiate PADH from other hemolytic anemia conditions. A complete blood count should be performed, and malaria should be monitored with microscopy at 7, 14, 21, and 28 days after artemisinin administration to determine if PADH is present and for the recrudescence of P. falciparum malaria. More information on the pathophysiological mechanisms of PADH would improve the management of these patients.
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Figure 1. Immunofluorescence of peripheral blood film of P. falciparum-infected patients’ blood with post-artesunate delayed hemolysis. P. falciparum-infected red cells show positive staining with a monoclonal antibody to ring-infected erythrocyte surface antigen. The parasite was stained by acridine orange (left), and pitted red cells can be seen (right) (×1000 magnification). 
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Figure 2. Schema of the pitting mechanism. Artesunate in circulation elicits the cleavage of an endoperoxide bridge, which produces free radicals and reactive oxygen species. These products kill trophozoites of Plasmodium spp. within RBCs. The RBCs that carry dead parasites are directed to the spleen to remove the dead parasites. After “cleaning” by splenic macrophages, RBCs are returned to circulation, but their lifespan is shortened to 7–21 days owing to an impaired cell structure. This phenomenon explains why PADH usually occurs 1 week or later after artesunate treatment in patients with malaria. 






Figure 2. Schema of the pitting mechanism. Artesunate in circulation elicits the cleavage of an endoperoxide bridge, which produces free radicals and reactive oxygen species. These products kill trophozoites of Plasmodium spp. within RBCs. The RBCs that carry dead parasites are directed to the spleen to remove the dead parasites. After “cleaning” by splenic macrophages, RBCs are returned to circulation, but their lifespan is shortened to 7–21 days owing to an impaired cell structure. This phenomenon explains why PADH usually occurs 1 week or later after artesunate treatment in patients with malaria.



[image: Tropicalmed 08 00049 g002]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  tropicalmed-08-00049


  
    		
      tropicalmed-08-00049
    


  




  





media/file5.png
Sent for pitting
in spleen.

_

/ =
Free radicals and \RBCS with dead

reactive oxygen

ek : P ; -
species kill parasites. g i 'Cleaned' RBCs return to
circulation. The RBCs are
smaller and have impaired

Dead parasites
are removed by
splenic macrophage.

Elicit the cleavage
of endoperoxide
bridge.

structural integrity.

Infected RBCs with
viable Plasmodium spp.

'Clean' RBC with
shortened lifespan





media/file3.png





media/file0.png





media/file4.jpg





media/file2.jpg





