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Highlights1

! There is an increasing requiremen. /or .he discovery o/ new an.helmin.hics wi.h resis.ance .o2

exis7ng drugs on .he rise.3

! Curren. s.ra.egies /ocus on .arge7ng carbohydra.e me.abolism, wi.h glycoly7c enzymes and4

.ranspor.ers proving .o be atrac7ve druggable .arge.s, however .hese ofen show a lack o/ eAcacy5

during in vivo in/ec7ons and have a lack o/ speciBci.y.6

! Recen. s.udies have unear.hed .he abili.y o/ helmin.hs .o manipula.e shor.-chain /aty acid and7

bioac7ve lipid produc7on, as possible al.erna.e immunomodula.ory s.ra.egies /or es.ablishing8

chronic in/ec7on.9

! There is an urgen. need .o es.ablish i/ .hese me.abolic pa.hways are cri7cal /or parasi.e survival,10

as .hese could presen. as an exci7ng new avenue /or an.helmin.hic discovery.11
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Using our unders+anding of in+erac/ons be+ween helmin+h me+abolism and hos+ immuni+y +o +arge+1

worm survival2
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Abs+rac+13

Helmin*hs can adap* *o environmen*al condi%ons in *he hos*, u%lising anaerobic processes like14

6ermen*a%on and mala*e dismu*a%on *o produce energy 6rom carbohydra*e. Al*hough *arge%ng15

carbohydra*e me*abolism is an es*ablished *herapeu%c s*ra*egy *o comba* helmin*h in6ec%on,16

ques%ons remain over *he me*abolic pa*hways *hey employ as adul*s *o survive and evade hos*17

immuni*y. Helmin*hs also use amino acid, polyunsa*ura*ed 6aty acid and choles*erol me*abolism, a18

possible s*ra*egy 6avouring *he produc%on immunomodula*ory o6 compounds *ha* may inYuence19

survival in *he hos*. Here, we discuss *he signiZcance o6 *hese di3ering me*abolic pa*hways and20

whe*her *arge%ng o6 helmin*h me*abolic pa*hways may allow 6or *he developmen* o6 novel21

an*helmin*hics.22
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Unders+anding helmin+h infec/ons: +rea+men+ challenges and emerging s+ra+egies24

Helmin+hs (see Glossary) are large mul%cellular organisms *ha* in6ec* humans and lives*ock, causing25

morbidi*y as well as imposing an economic burden on *hose a3ec*ed regions [1,2]. Clinically impor*an*26

parasi%c diseases including lympha%c Zlariasis, soil-*ransmited helmin*hiasis and schis*osomiasis are27

considered “neglec*ed *ropical diseases”, exer%ng a large *oll on public heal*h bu* su3ering 6rom a lack28

o6 aten%on 6rom *he public heal*h communi*y. These parasi*es develop in *he hos* 6ollowing in6ec%on,29

es*ablishing chronic in6ec%ons in *he lympha%c, gas*roin*es%nal *rac*, and *he blood vessels30

respec%vely, a process *hough* *o be dependen* on *heir abili*y *o modula*e hos* immuni*y [3-5].31

Curren* *rea*men* s*ra*egies in areas endemic wi*h helmin*h in6ec%ons 6ocus on mass drug32

adminis*ra%ons (MDA) o6 a single class o6 an*helmin*hics *ermed *he benzimidazoles [6]. While MDA33

has demons*ra*ed sa6e*y and efcacy in reducing *he prevalence o6 STH in6ec%on, sus*ained MDA was34

more e3ec%ve when combined wi*h improved sani*a%on and economic developmen* [7,8]. Concerns35

regarding *he developmen* o6 an*helmin%c resis*ance, in par%cular, have promp*ed ques%ons abou*36

*he sus*ainabili*y o6 using in*ensive applica%on o6 MDA and have called 6or *he developmen* o6 novel37

an*helmin*hics [9]. This demand 6or new an*helmin%cs is also paramoun* in *he ve*erinary sec*or *o38

address *he escala%ng issues o6 drug resis*ance and preven* economic losses associa*ed wi*h39

decreased produc%vi*y and compromised animal wel6are [10,11].40

In an e3or* *o coun*erac* *he emerging resis*ance *o exis%ng an*helmin*hics, and based on *he41

advancing unders*anding o6 helmin*h me*abolomes, helmin*h me*abolism has been proposed as a42

valid *arge* 6or developing novel an*helmin*hics [12-14]. In *his review we discuss *he developmen* o643

an*helmin*hics *arge%ng helmin*h me*abolism 6or bo*h ve*erinary and human in6ec%ons, including in44

pre-clinical roden* models o6 human helmin*h in6ec%on. We begin by reviewing e3or*s *o *arge*45

helmin*h carbohydra*e me*abolism, including *he unique me*abolic adap*a%ons helmin*hs make *o46

*heir hos* environmen*. We *hen explore *he po*en%al *o *arge* unique 6ea*ures o6 helmin*h amino47

acid and lipid me*abolism, which may allow 6or helmin*h-speciZc drug *arge%ng. Based on our48

increasing knowledge o6 how me*aboli*es o6 *he amino acid and lipid me*abolism pa*hway inYuence49



hos* immune responses, we propose *ha* *arge%ng helmin*h regula%on o6 me*aboli*e produc%on50

presen*s an exci%ng s*ra*egy 6or *he developmen* o6 new an*helmin*hics.51

52

Me+abolic processes in living organisms: overview and adap+a/ons53

Me*abolism re6ers *o *he sum o6 chemical reac%ons a living organism employs *o conver* amino acids,54

carbohydra*es and lipids 6rom 6ood in*o li6e-sus*aining molecules. These enzyma%c pa*hways genera*e55

*he energy required *o run processes in *he cell, 6orm *he building blocks required 6or li6e and elimina*e56

me*abolic was*e [15]. In *he presence o6 oxygen, mos* di3eren%a*ed mammalian cells employ aerobic57

respira%on *o genera*e up *o 36molecules o6 adenosine *riphospha*e (ATP) 6rom one glucosemolecule58

via 3 s*eps: glycolysis o6 glucose *o pyruva*e, genera%on o6 ace*yl coenzyme A (ace*yl-CoA) via *he59

*ricarboxylic acid (TCA) cycle and oxida%ve phosphoryla%on (elec*ron *ranspor*) (Figure 1) [15]. When60

oxygen is no* presen*, pyruva*e undergoes fermen+a/on *o lac%c acid or e*hanol, yielding 2molecules61

o6 ATP [15]. Some unicellular organisms pre6er 6ermen*a%on *o aerobic respira%on, even in *he62

presence o6 abundan* oxygen, 6or example, yeas* species such as Saccharomyces cerevisiae produce63

e*hanol as “was*e” 6rom 6ermen*a%on, whereas lac.obacillus bac*eria produce lac%c acid [16].64

Mul%cellular organisms such as helmin*hs can u%lise aerobic respira%on or 6ermen*a%on, swi*ching65

me*abolic pa*hways during *heir li6e cycle, when oxygen concen*ra%on in hos* %ssues is low (Figure 1)66

[17-19]67

68

Carbohydra+e me+abolism: +he curren+ +arge+ for an+helmin+hics69

As a Zrs* s*ep in carbohydra*e me*abolism, glycolysis is highly conserved among living organisms and70

used by mos*, *here6ore presen*ed as an atrac%ve *arge* 6or developmen* o6 an*helmin*hics71

[12,20,21]. Genomic da*a has demons*ra*ed *ha* helmin*hs con*ain homologues o6 mammalian72

glycoly%c enzymes, including hexokinase, glucose-6-phospha+e isomerase and pyruva+e kinase73

[12,22,23]. The commercially available an*helmin*hic, Clorsulon, *arge*s *he adul* liver Yuke glycoly%c74

enzymes phosphoglycera+e kinase and phosphoglyceromu+ase, e3ec%vely reducing Fasciola hepa3ca75



egg fecundi+y in in6ec*ed catle [24]. Clorsulon is no* me*abolised and is secre*ed in milk *here6ore,76

*rea*men* o6 lac*a%ng cows and sheep is 6orbidden *o preven* human consump%on [25]. As wi*hmany77

exis%ng an*helmin*hics, cases o6 resis*ance *o *he drug are repor*ed *o be rising [26]. In vi.ro, *he78

an%malarial drug meYoquine reduced ac%vi*y o6 Schis.osoma mansoni enolase, which is responsible79

6or *he reversible conversion o6 D-2-phosphoglycera*e and phosphoenolpyruva*e (PEP) in glycolysis80

and gluconeogenesis. The drug also reduced juvenile and adul* S.mansoni worm burden in mice81

be*ween 80.4-97.8 percen* [27]. However, *he *oxic e3ec*s o6meYoquine on hos* cells were concluded82

*o pose a challenge *o *he in*ensive use o6 *his drug [28].83

Deriva%ves o6 bo*h glucose and pyruva*e have been shown *o *arge* hexokinase ac%vi*y, *he enzyme84

which ca*alyses *he Zrs* s*ep in glycolysis [29]. Use o6 5-*hio-D-Glucose (5-TG) e3ec%vely reduced S.85

mansoni hexokinase ac%vi*y bu* had unwan*ed side e3ec*s, including increased hyperglycaemia and86

*emporary in6er%li*y in male mice [30,31]. Use o6 3-bromopyruva*e (3-BrPA) was repor*ed *o exhibi*87

an*helmin*hic ac%vi*y agains* S. mansoni in vi.ro and Echinococcus mul3locularisme*aces*odes in vivo88

[32,33]. Al*hough 3-BrPA showed e3ec%ve an*helmin*hic ac%vi*y, *rea*men* in vivo resul*ed in89

signiZcan* adverse e3ec*s, such as dose-rela*ed hepa*o*oxici*y 6ollowing in*raar*erial adminis*ra%on90

[34]. Fur*hermore, 3-BrPA was repor*ed *o inhibi* human hexokinase II, as well as mul%ple enzymes91

involved in glycolysis, 6ermen*a%on and *he TCA cycle in vi.ro; *here6ore *he use o6 3-BrPA as a po*en%al92

new an*helmin*hic has no* been pursued [35].93

S*udying *he obliga+e symbio/c rela%onship be*weenWolbachia and *he Zlarial hos*, genomic analysis94

revealed *ha* Brugia malayi encoded genes 6or all *he enzymes involved in glycolysis, whereas95

Wolbachia did no* encode hexokinase, 6-phospho6ruc*okinase, and pyruva*e kinase, required 6or96

conver%ng glucose in*o pyruva*e [36,37]. Voronin e. al., demons*ra*ed *ha* ex*ernal supplemen*a%on97

wi*h pyruva*e increased *he Wolbachia popula%on in adul* male Brugia pahangi, whereas inhibi%on98

using *he pyruva*e analogue 3-BrPA signiZcan*ly reduced *he Wolbachia popula%on in *hese worms.99

3-BrPa *rea*men* also signiZcan*ly reduced *he number o6 microZlariae secre*ed by adul* 6emale100

worms and *he viabili*y o6 *hese worms [38]. Fur*hermore, in vi.ro addi%on o6 an inhibi*or speciZc 6or101



pyruva*e kinase reduced *he Wolbachia popula%on in male worms by 5-6old and *he number o6102

microZlariae released 6rom 6emale worms by a* leas* *wo-6old [38]. A limi*a%on o6 *he use o6 curren*103

an*helmin*hics 6or Zlarial in6ec%ons, such as Ivermec%n, is *he *riggering o6 adverse reac%ons in104

pa%en*s co-in6ec*ed wi*h *he Zlaria Onchocerca volvulus and Loa loa [39,40]. Al*hough revealing *he105

me*abolic mechanisms o6 *his mu*ualis%c in*erac%on be*ween Brugia and Wolbachia has allowed *he106

discovery o6 several novel po*en%al drug *arge*s 6or adul* Zlaria [38], an impor*an* considera%on is *he107

in vivo e3ec%veness o6 *hese drugs, par%cularly in *he con*ex* o6 Zlarial co-in6ec%on.108

I* is impor*an* *o acknowledge a new genera%on o6 inhibi*ors o6 glycolysis iden%Zed in clinical *rials109

6or cancer [41,42]. Lonidamine and benserazide are examples o6 human hexokinase inhibi*ors known110

6or *heir high speciZci*y 6or *he enzyme; and demons*ra*e an%-cancer proper%es by e3ec%vely111

inhibi%ng glycolysis wi*hin cancer cells [43,44]. The na*ural produc* licochalcone A, a componen* o6112

*he plan* Glycyrrhiza uralensis Fisch, has also been shown *o inhibi* human hexokinase ac%vi*y in vi.ro113

[45,46]. Fur*hermore, *here is evidence in vi.ro o6 lonidamine and licochalcone A showing114

an*helmin*hic proper%es, highligh%ng *he possibili*y 6or repurposing *hese drugs 6or in vivo115

inves%ga%ons [47,48].116

117

Helmin+h adap/on +o anaerobic respira/on in +he hos+118

Targe%ng glycolysis presen*s as an atrac%ve *arge* 6or *he developmen* o6 an*helmin*hics. However,119

several helmin*hs u%lise anaerobic respira%on upon en*ering *heir deZni%ve hos*, highligh%ng *his li6e-120

cycle adap*a%on as a 6easible *arge* 6or novel drugs. For example, while *he 6ree-living larvae o6 Ascaris121

suum u%lise oxida%ve respira%on, conver%ng glucose in*o ATP *hrough *he TCA cycle, adul* A. suum122

do no* express cy*ochrome c oxidase, *he *erminal enzyme necessary 6or aerobic respira%on, and123

ins*ead rely on anaerobic respira%on [49,50]. I* was proposed *ha* arrival and developmen* o6 juvenile124

F. hepa3ca wi*hin *he anaerobic condi%ons o6 *he bile duc* promp*s replacemen* o6 *he helmin*h TCA125

cycle wi*h produc%on o6 propiona*e and ace*a*e, 6ormed via *he dismu+a/on o6 mala*e in*o pyruva*e126

and succina*e in *he mi*ochondria o6 *he parasi*e (Figure 1) [51,52]. Helmin*hs including S. mansoni127



and B.pahangi express high levels o6 pyruva*e kinase (PK) ac%vi*y alongside lac*a*e dehydrogenase128

(LDH), 6ur*her me*abolising pyruva*e *o lac%c acid during 6ermen*a%on, whereas Ascaris lumbricoides,129

Hymenolepis diminu.a and F. hepa3ca express high levels o6 phosphophenyl pyruva*e carboxylase130

(PEP-CK) ac%vi*y alongside mala*e dehydrogenase (MDH) *o produce mala*e [36,53,54]. Several131

benzimidazole an*helmin%cs were 6ound *o inhibi*MDH, al*hough i* is no* *heir sole and primary *arge*132

[55]. In*eres%ngly, *his s*udy also 6ound clear di3erences in *o*al MDH ac%vi*y in dis%nc* sexes and133

species o6 helmin*hs, such as A. suum and F. hepa3ca [55], which raises implica%ons 6or *he134

developmen* o6 drugs *arge%ng MDH as a broad-spec*rum an*helmin*hic.135

During mammalian aerobic respira%on, complex II, a succina*e dehydrogenase, ca*alyses *he oxida%on136

o6 succina*e *o 6umara*e wi*h *he reduc%on o6 ubiquinone *o ubiquinol [56]. The later s*ep requires137

elec*ron *rans6er 6rom complex I, (an NADH-ubiquinone oxidoreduc*ase), *he Zrs* enzyme o6 *he138

mi*ochondrial elec*ron *ranspor* chain [56]. Under anaerobic condi%ons, adul* A.suum conver*s139

Mala*e in*o Fumura*e via a 6umara*e hydra*ase (FH) (Figure 1). Here adul* A.suum complex II 6unc%ons140

in *he reverse direc%on, conver%ng Fumura*e in*o Succina*e as a 6umura*e reduc*ase (FDR), a reac%on141

coupled *o *he elec*ron *rans6er 6rom complex I by rhodoquinone (RQ) [57] (Figure 2).142

This is in con*ras* *o *he Ascaris larval li6e-s*age, which exhibi*s lower 6umara*e reduc*ase ac%vi*y,143

higher ubiquinone con*en* and succina*e dehydrogenase ac%vi*y [58]. Such varia%on in *he expression144

o6 me*abolic enzymes across di3ering li6e-s*ages crea*es bo*h challenges and oppor*uni%es 6or drug145

*arge%ng. For ins*ance, increasing concen*ra%ons o6 mi*ochondrial 6umara*e reduc*ase inhibi*ors have146

been demons*ra*ed *o signiZcan*ly decrease *he viabili*y o6 Echinococcus mul3locularis larvae in vi.ro147

[59]. The RQ-dependen* mechanism o6 anaerobic me*abolism serves as a cri%cal di3erence be*ween148

parasi*es and *heir mammalian hos* [17]. Using Caenorhabdi3s elegans as a model organism, Lau*ens149

e. al. iden%Zed 9 genes *ha* are required 6or RQ-dependen* me*abolism in C. elegans, sugges%ng *ha*150

*heir or*hologues in helmin*hs play similarly crucial roles [17]. Fur*hermore, Lau*ens e. al.151

demons*ra*ed *ha* 3 o6 *hese genes encode pro*eins wi*h an ac%ve si*es *ha* di3ers be*ween several152

STH and *heir mammalian hos*s, *hus allowing *he developmen* o6 helmin*h-speciZc inhibi*ors [17].153



This approach, which enhances our unders*anding o6 helmin*h-speciZc biology and me*abolic154

machineries, has *he po*en%al *o iden%6y high-conZdence *arge*s 6or novel an*helmin*hics.155

Al*erna*e approaches 6or uncovering novel an*helmin*hics have included in vi.ro screening 6or156

inhibi*ors o6 NADH-6umara*e reduc*ase ac%vi*y [60]. This approach revealed na6uredin, a compound157

derived 6rom Aspergillus niger, which inhibi*ed NADH-6umura*e reduc*ase in adul* A.suum, as well as158

NADH-ubiquinone and NADH-rhodoquinone reduc*ase ac%vi*y in A.suum adul*s and larvae [60].159

No*ably, *his compound did no* impac* on ra* liver complex I or complex II ac%vi*y [60]. In addi%on *o160

being a markedly selec%ve inhibi*or o6 helmin*h complex I, *his s*udy repor*ed exer*ed excellen*161

an*helmin*hic ac%vi*y o6 *he drug agains* Haemonchus con.or.us, signiZcan*ly reducing egg ou*pu* in162

sheep by over 90 percen* [60]. However, subsequen* screening 6or inhibi*ors based on *he same163

s*ra*egy led *o *he discovery o6 harzianopyridone and i*s chemically rela*ed a*penins. These164

compounds were 6ound *o be po*en* inhibi*ors o6 mammalian complex II, as well as A.suum NADH-165

6umara*e reduc*ase, *hus limi%ng *heir use as an*helmin*hics [61].166

167

Exploi/ng subs+ra+es o+her +han glucose for me+abolism: +he hidden secre+ +o helmin+h survival?168

Due *o *he speciZc loca%ons inhabi*ed by cer*ain helmin*hs, such as *he cecum in *he case o6169

whipworms, *here is a scarci*y o6 glucose available 6or carbohydra*eme*abolism, as glucose absorp%on170

primarily occurs in *he small in*es%ne [62]. Consequen*ly, *hese helmin*hs may resor* *o al*erna%ve171

me*abolic pa*hways 6or *heir survival, pa*hways *ha* are more readily available in *heir speciZc172

environmen*al condi%ons.173

Gene%c analysis o6 4 *apeworm species revealed unique 6ea*ures o6 *he me*abolism o6 *hese174

organisms, which could be exploi*ed 6or developmen* o6 novel an*helmin*hics. High conserva%on was175

6ound be*ween Ces*ode and bo*h human and mouse carbohydra*e me*abolism pa*hways, whereas176

lower conserva%on was 6ound in amino acid and lipid me*abolism pa*hways [63]. Fur*hermore, *hese177

organisms encode 6aty acid *ranspor*ers and lipid elonga%on enzymes and have *apeworm speciZc178

gene 6amilies such as 6aty acid binding pro*ein (FABP) and *he apolipopro*ein an%gen B, allowing *hem179



*o scavenge essen%al lipids 6rom *he hos* [63]. Several lipid binding pro*eins are secre*ed by helmin*hs,180

were 6ound *o be s*ruc*urally di3eren* 6rom *hose o6 *heir hos* [64] and may serve as po*en%al novel181

drug *arge*s *o disrup* worm survival wi*hou* a3ec%ng hos* me*abolism [63].182

In *he nex* *wo sec%ons o6 *his review, we Zrs* discuss our knowledge o6 helmin*h amino acid183

me*abolism, *hen lipidme*abolism, highligh%ng s*udies *ha* provide evidence suppor%ng *he ra%onale184

6or developing drugs *arge%ng *hese pa*hways. We also provide evidence *o propose *ha* *arge%ng185

helmin*h produc%on o6 me*aboli*es 6rom bo*h pa*hways may presen* a novel s*ra*egy *o boos* hos*186

immuni*y and eradica%on o6 helmin*hs.187

188

The impor+ance of amino acid me+abolism for helmin+hs189

Helmin*hs possess similar pa*hways o6 amino acid me*abolism *o mammals [12,65], none*heless,190

dispari%es do exis* in *he s*ruc*ure o6 some me*abolic enzymes, no*ably concerning *he me*abolism191

o6 sulphur amino acids: arginine and proline [66,67]. For example, S. mansoni arginase (SmARG)192

displays similar 6unc%onal ac%vi*y *o *he mammalian enzyme, ca*alysing *he hydrolysis o6 L-arginine *o193

L-orni*hine, bu* ac%vi*y relies on unique disulphide bonds [68]. SmARG is expressed in all li6e-cycle194

s*ages o6 S. mansoni and is hypo*hesized *o play a role in immune evasion and reduced killing o6195

S.mansoni larvae *hrough *he deple%on o6 *he L-arginine subs*ra*e; *ypically u%lised 6or ni*ric oxide196

(NO) biosyn*hesis [69]. By con*ras*, use o6 arginase-deZcien* Leishmania mexicana demons*ra*ed *he197

impor*ance o6 enzyme ac%vi*y in promo%ng *he in6ec%on o6mice, sugges%ng *his pa*hwaymay presen*198

a new *arge* 6or an*helmin*hic design [70].199

Al*hough die*ary Zbre 6ermen*a%on is *he primary source o6 shor*-chain 6aty acids (SCFAs), organisms200

such as *he in*es%nal microbio*a can also genera*e me*aboli*es 6rom pro*ein 6ermen*a%on, such as201

shor*-chain (SC) and branched-chain 6aty acids (BCFAs), including ace*a*e (derived 6rom glycine and L-202

alanine) and isovalera*e (derived 6rom leucine) [69]. Bo*h SCFA and BCFA can inYuence hos* immune203

cell 6unc%on [71,72], *hus helmin*h produc%on o6 *hese me*aboli*es may be beneZcial 6or helmin*h204

survival by promo%ng immune-evasion. For example, ace*a*e, propriona*e and isobu*yra*e were205



de*ec*ed in *he immune-regula*ory excre*ory secre*ory produc*s o6 Trichuris muris and adul*206

Ancylos.oma caninum [73,74], wi*h ace*a*e ci*ed as a main end produc* o6 energy me*abolism 6or F.207

hepa3ca, H. con.or.us and A. suum [75]. Supplemen*a%on o6 Heligmosomoides polygyrus in6ec*ed208

micewi*h *he BCFA isovalera*e in *he drinking wa*er caused a signiZcan* increase in egg 6ecundi*y [76].209

This signiZcan* impac* on adul* worm egg produc%on, coupled wi*h *he absence o6 e3ec*s on hos*210

in*es%nal mo%li*y and immune cell 6unc%on sugges*s helmin*h produc%on o6 *hese amino acid211

me*aboli*esmay play a role in de*ermining wormZ*ness. This demands 6ur*her inves%ga%on *o iden%6y212

a po*en%al new *arge* 6or drug developmen*.213

214

Linking helmin+h modula/on of lipid me+abolism +o +he hos+ immune response215

Evidence sugges*s *ha* helmin*hs adap* *heir lipid proZle on con*ac* wi*h *he hos* and during216

developmen*. Da*a 6rom Proud6oo* e. al., iden%6y how *he sur6ace o6 *he in6ec%ve larvae o6217

Acan.hocheilonema vi.eae, Nippos.rongylus brasiliensis, Trichinella spiralis, and Os.er.agia os.er.agi218

becomes more lipophilic on exposure *o condi%ons simula%ng en*ry in*o a mammalian hos* [77]. By219

u%lising liquid chroma+ography/mass spec+rome+ry (LC/MS), Giera e. al., iden%Zed li6ecycle-speciZc220

lipid proZles in S. mansoni, including di3erences in membrane and s*orage lipids and bioac%ve lipid221

media*ors, such as arachidonic acid being highly expressed in adul* worms bu* barely de*ec*able in222

o*her li6ecycle s*ages [78].223

Me*abolic produc*s o6 die*ary polyunsa+ura+ed faty acids (PUFA), including pros*aglandins and224

*hromboxanes have been de*ec*ed in di3eren* li6ecycle s*ages o6 helmin*hs, as well as wi*hin *heir225

excre*ory/secre*ory produc*s [78,79]. The produc%on o6 oxylipins 6rom PUFA play an impor*an* role in226

regula%on o6 *he hos* immune response [80], *hus helmin*h produc%on o6 *heseme*aboli*es may have227

implica%ons 6or helmin*h survival. Bo*h pros*aglandin E2 (PGE2) and pros*aglandin D2 (PGD2) are228

de*ec*able in S. mansoni eggs, wi*h PGE2 *hough* *o condi%on dendri%c cells *o prime *ype-2 cy*okine229

produc%on by ac%va*ed T cells [78,81], whereas *he presence o6 PGE2 and PGD2 in *he lipidome o6230

S.mansoni cercariae has been linked *o limi%ng *he abili*y o6 *he hos* *o moun* a pro*ec%ve immune231



response agains* cercariae [78,82]. PGE2 was 6ound in bo*h larval 6orms and adul* excre*ory/secre*ory232

produc*s o6 Trichuris suis, where adul* PGE2 modiZed dendri%c cell ac%va%on and reduced233

inYamma*ory cy*okine produc%on by binding PGE2 recep*ors [83]. In*eres%ngly, unlike mammalian234

produc%on o6 PGE2, secre%on o6 PGE2 by T.suis was no* dependen* on *he ac%on o6 a cyclooxygenase235

(COX) enzyme [83]. By unders*anding how i* is made, we raise *he po*en%al *o preven* helmin*h236

immune modula%on by *arge%ng *he helmin*h-speciZc produc%on o6 *his bioac%ve lipid. Finally, *he S.237

mansoni cercariae li6ecycle s*age con*ained high levels o6 lipoxygenase (LOX)-derived oxylipins such as238

resolvin E2 (RvE2), pro*ec%n DX (PDX), and pro*ec%n D1 (PD1) [78]. These LOX produc*s are re6erred239

*o as docosanoids, and are specialised pro-resolving media*ors *ha* can suppress inYamma*ory240

immune responses and are impor*an* 6or promo%ng resolu%on o6 inYamma%on [84]. Once cercariae241

have pene*ra*ed *he skin *hey remain 6or 3-4 days be6ore en*ering circula%on, and i* is proposed *ha*242

produc%on o6 *hese pro-resolving media*ors during *his period increases *heir chance o6 survival as243

*hese 6ac*ors can suppress recrui*men* o6 immune cells and an%-cercarial immune responses [78,85].244

Evidence is also accumula%ng *ha* helmin*hs may manipula*e PUFA me*abolism in *he hos* via245

secre%on o6 me*abolic enzymes. Following B. malayi in6ec%on, illumina sequencing demons*ra*ed *ha*246

macrophage popula%ons expressed high levels o6 LOX and COX enzymes involved in me*abolism o6247

arachidonic acid *o produce pros*aglandin, *hromboxane and hydroxyeicosa*e*raenoic acid (HETE)248

[86]. Analysing LC/MS and *ranscrip*omics o6 bone marrow-derived macrophages (bmDMs), Jimenez249

e. al., demons*ra*ed shifs in eicosanoid produc%on and *he expression o6 PUFA me*abolic enzymes250

6ollowingH. polygyrus larvae (HpbE) exposure [87]. They showed *ha* *rans6er o6 HpbE-*rea*ed bmDMs251

deZcien* in microsomal pros*aglandin E syn*hase (mPGES) 6ailed *o reduce *he number o6 eosinophils252

inZl*ra%ng *he lung during house dus* mi*e (HDM) airway inYamma%on, when compared *o HpbE-253

*rea*ed mPGES-sufcien* bmDMs (Figure 3) [87]. Frac%ona%on and pro*eomics revealed *ha*254

pros*aglandin produc%on by human monocy*e-derived macrophages was replica*ed 6ollowing255

*rea*men* wi*h a secre*ed H. polygyrus glu+ama+e dehydrogenase (GDH). Moreover, adminis*ra%on o6256

recombinan* H. polygyrus GDH atenua*ed HDM-*riggered eosinophil inZl*ra%on and lung257



inYamma%on [87]. The larvae's capaci*y *o secre*e *his enzyme implies *ha* *he manipula%on o6 *hese258

me*abolic pa*hways could play a crucial role in al*ering immune responses *ha* regula*e *he259

es*ablishmen* o6 helmin*h in6ec%ons, unveiling a po*en%al new candida*e 6or in6ec%on preven%on.260

The Znal group o6 lipid me*aboli*es which could con*ribu*e *o helmin*h survival by inYuencing hos*261

immune responses are bile acids (BAs), a group o6 choles*erol-derived molecules deposi*ed in*o *he262

gu* *o aid wi*h 6a* diges%on [88,89]. They are *hough* *o promo*e in*es%nal homeos*asis, limi* pro-263

inYamma*ory cy*okine produc%on and increase *he propor%on o6 CD4+Foxp3+ regula*ory T cells (Treg)264

*hrough binding *o nuclear recep+ors, including 6arnesoid X recep*or (FXR) (Figure 4A) [89]. Lane e. al.265

repor* *ha* in6ec%onwi*h H. polygyrus disrup*ed BA homeos*asis in in6ec*edmice, resul%ng in reduced266

concen*ra%ons o6 speciZc *aurine-conjuga*ed primary BAs (T-α-MCA and T-CDCA), reduced expression267

o6 BA *ranspor*er genes in *he proximal small in*es%ne and reduced signalling *hrough *he nuclear268

recep*or FXR (Figure 4B) [88]. Based on how bile acids inYuence *he immune response (Figure 4A), we269

can propose how H. polygyrusmodiZca%on o6 FXR signalling may al*er immuni*y (Figure 4B). While i*270

was sugges*ed *ha* shifs in *he microbio*a and a resul*an* increased ac%vi*y o6 speciZc bile sal+271

hydrolase (BSH) enzymes may explain reduc%ons in *aurine-conjuga*ed primary BA produc%on, i*272

remains *o be es*ablished how BSH ac%vi*y changes 6ollowing H.polygyrus in6ec%on [88]. Moreover, i*273

remains unknown whe*her diminished FXR signalling 6ollowing H. polygyrus in6ec%on con*ribu*es *o274

*he long-*erm presence o6 *he helmin*h and whe*her *his pa*hway presen*s viable *arge*s 6or *he275

developmen* o6 novel an*helmin*hics.276

Experimen*s by Sukhdeo and Croll demons*ra*ed *ha* bile ac%va*ed *he mo%li*y o6 H. polygyrus277

(previously named Nema.ospirodoides dubius) and demons*ra*ed *ha* removal or reduc%on o6 bile278

resul*ed in reduced larval es*ablishmen* in vivo [90]. Bo*h *he liver Yuke Opis.orchis viverrini and *he279

blood Yuke Schis.osoma haema.obium excre*e oes*rogens and oxys*erols, s*eroid compounds known280

*o al*er choles*erol levels and promo*e *he produc%on o6 BAs, respec%vely [91]. Using radiolabelled281

choles*erol, male schis*osomes were proposed *o *rans6er choles*erol and labelled me*aboli*es *o282

6emale worms [92], wheremanipula%on o6 s*eroidme*abolism during S.mansoni in6ec%on signiZcan*ly283



reduced *he number o6 miracidia excre*ed in 6aeces o6 mice [93]. In addi%on, pharmacological284

inhibi%on o6 cy*ochrome p450, required 6or *he enzyma%c genera%on o6 *hese molecules, resul*ed in285

100 percen* mor*ali*y o6 juvenile Opishorchis felineus liver Yukes and adul* S.mansoni worms in vi.ro286

[94,95]. In*eres%ngly, cy*ochrome p450 expression was shown *o di3er in *he li6ecycle s*a*es o6287

S.mansoni and H.con.or.us [95,96], wi*h a decrease in H.con.or.us ac%vi*y 6rom L3 *o adul* coinciding288

wi*h *ransi%on 6rom aerobic condi%on ou*side *he hos* *o anaerobic condi%ons inside *he hos* [97].289

The low sequence iden%*y o6 S.mansoni cy*ochrome p450 *o *he human pro*ein [95] makes i* an290

atrac%ve *arge* 6or an*helmin*hics, in addi%on, *he unique lack o6 mo%6s 6ound in *he cy*ochrome291

p450 pro*eins o6 Trema*odes and Ces*odes [98] presen* s*ruc*urally dis%nc* candida*es 6or drug292

design. However, cy*ochrome p450 is involved in o*her me*abolic processes and produc%on o6293

oxys*erols can occur *hrough non-enzyma%c mechanism, *here6ore i* is impor*an* *o 6ur*her294

charac*erise *he con*ribu%on o6 *his me*abolic pa*hway *o helmin*h survival be6ore exploring295

developmen* o6 novel an*helmin*hics *ha* *arge* i*.296

297

Concluding remarks298

The need 6or new and novel an*helmin*hics is a pressing global heal*h issue, wi*h repor*ed resis*ance299

*o curren* *rea*men* regimens on *he rise. The po*en%al 6or *arge%ng me*abolic enzymes in helmin*hs300

represen*s an exci%ng avenue 6or *herapeu%cs. Addi%onal insigh* is needed in*o *he biochemis*ry and301

s*ruc*ure o6 *he parasi*e enzymes *o avoid impac* on hos* enzymes and unwan*ed side-e3ec*s.302

Fur*hermore, i* is cri%cal *o deZne *he impor*ance o6 a range o6 me*abolic pa*hways in de*ermining303

regula%on o6 hos* immuni*y and subsequen* helmin*h survival, be6ore *he design o6 new304

an*helmin*hics can occur (see Ou+s+anding Ques/ons).305

Exis%ng an*helmin*hics have limi*a%ons, including *heir promiscuous *arge%ng o6 mul%ple me*abolic306

pa*hways, as well as elici%ng unwan*ed side-e3ec*s in *he hos*. The adap*a%on o6 helmin*h307

carbohydra*e me*abolism *o *he hos* has opened new avenues 6or drug developmen*. However, *hese308

li6e-s*age speciZc and species-speciZc di3erences in enzyme expression crea*e challenges 6or *he309



developmen* o6 broad-spec*rum preven*a%ve, as well as *herapeu%c drugs. In vi.ro screening310

approaches 6or Znding new inhibi*ors have proven problema%c, as exempliZed by *he discovery o6311

compounds *ha* inhibi* bo*h hos* and parasi*e NADH-6umara*e reduc*ase ac%vi*y [60,61]. Recen*312

developmen* o6 genome-scale me*abolic models may provide a new approach *o accelera*e *he313

iden%Zca%on o6 novel *arge*s *hrough drug repurposing [99].314

The possibili*y remains *ha* *here are o*her me*abolic processes helmin*hs manipula*e *o survive,315

which may presen* new avenues 6or *he developmen* o6 novel an*helmin*hics. The implica%ons o6316

helmin*h manipula%on o6 amino acid and lipid me*abolism on parasi*e persis*ence are discussed in317

*his ar%cle.318

Ul%ma*ely, *he discovery o6 new an*helmin*hics is relian* on *hree 6ac*ors; *he need 6or selec%ve319

inhibi*ors, *he developmen* o6 readily available parasi%c helmin*h cell cul*ure sys*ems and robus* pre-320

clinical models in which *o unders*and *he inYuence o6 helmin*h me*abolism on survival. The321

e3ec%veness o6 compounds and *heir impac* on al*ering helmin*h me*abolic ac%vi*y and ATP322

produc%on can only be assessed *hrough in vi.ro sys*ems. Connec%ng *his *o immune modula%on and323

survival, however, necessi*a*es *he use o6 in vivo animal models. Recen* li*era*ure has seen an324

advancemen* o6 *he developmen* o6 in vi.ro helmin*h models, replica%ng early in*erac%ons be*ween325

*he in*es%nal epi*helium and T. muris using *wo-dimensional caecal organoids [100]. This inexpensive326

and compara%vely simplis%c in vi.romodel could allow 6or *he inves%ga%on o6 an*helmin*hics *arge*ed327

agains* several me*abolic pa*hways implica*ed in helmin*h es*ablishmen* (see Ou+s+anding328

Ques/ons).329
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592

Glossary593

Bile sal+ hydrolase: an enzyme *ha* ca*alyses *he hydrolysis o6 amide bonds in conjuga*ed bile acids.594

Bone-marrow derived macrophages: macrophage cells *ha* are genera*ed in a research labora*ory595

6rom mammalian bone marrow cells.596

Disabili+y-adjus+ed life years: represen*s *he loss o6 *he equivalen* o6 one year o6 6ull heal*h.597

Dismu+a/on: a reac%on be*ween *wo molecules in which one is reduced and *he o*her is oxidized.598

Enolase: ca*alyses *he conversion o6 2-phosphoglycera*e *o phosphoenolpyruva*e, *he nin*h and599

penul%ma*e s*ep o6 glycolysis.600

Fecundi+y: a measure o6 *he reproduc%ve capaci*y o6 an individual or popula%on.601

Fermen+a/on: an anaerobic process in which energy can be released 6rom glucose even i6 oxygen is602

no* available.603

Fumara+e reduc+ase: *he enzyme *ha* conver*s 6umara*e *o succina*e.604

Glucose-6-phospha+e isomerase: ca*alyzes *he in*erconversion o6 glucose-6 phospha*e and 6ruc*ose-605

6 phospha*e.606

Glu+ama+e dehydrogenase: deamina*es *he amino acid glu*ama*e in*o alpha-ke*oglu*ara*e.607

Helmin+h: a parasi%c worm 6rom *he Nema*ode or Pla*yhelmin*h phyla.608

Hexokinase: *he ini%al enzyme o6 glycolysis, ca*alyzing *he phosphoryla%on o6 glucose by ATP *o609

glucose-6-phospha*e.610

Liquid chroma+ography-+andemmass spec+rome+ry: an analy%cal chemis*ry *echnique *ha* combines611

*he physical separa%on capabili%es o6 liquid chroma*ography wi*h *he mass analysis capabili%es o6612

mass spec*rome*ry.613



Nuclear Recep+ors: a 6amily o6 *ranscrip%on 6ac*ors *ha* play an impor*an* role in a number o6614

biological processes including me*abolism, reproduc%on, and inYamma%on.615

Obliga+e Symbio/c: a* leas* one o6 *he organisms *ha* biologically in*erac* wi*h each o*her canno*616

comple*e i*s li6ecycle on i*s own.617

Phosphoglycera+e kinase: ca*alyses *he reversible *rans6er o6 a phospha*e group 6rom 1,3-618

bisphosphoglycera*e *o ADP producing 3-phosphoglycera*e.619

Phosphoglyceromu+ase: ca*alyses *he conversion o6 3-phosphoglycera*e *o 2-phosphoglycera*e620

during glycolysis.621

Polyunsa+ura+ed faty acids: hydrocarbon chains con*aining *wo or more double bonds, and are622

charac*erised as ei*her an omega-3 or omega-6 PUFA which re6ers *o *he posi%on o6 *he Zrs* double623

bond rela%ve *o *he me*hyl end o6 *he 6aty acid.624

Pyruva+e kinase: ca*alyses *he direc* *rans6er o6 phospha*e 6rom phosphoenolpyruva*e *o ADP *o625

produce ATP and pyruva*e.626

Rhodoquinone: a modiZed ubiquinone-like molecule *ha* is an impor*an* co6ac*or used in anaerobic627

energy me*abolism by many organisms.628

629

Figure legends630

Figure 1. Helmin+h me+abolic adap+a/ons +o +he hos+ environmen+. In *he presence o6 oxygen,631

imma*ure L2 larvae o6 A. suum produce high levels o6 ATP *hrough aerobic respira%on, comprising 3632

processes: glycolysis, *he *ricarboxylic acid (TCA) cycle, and oxida%ve phosphoryla%on (shown in blue).633

In con*ras*, L4 A. suum adul*s lack a 6unc%onal TCA cycle and produce ATP and pyruva*e. Helmin*hs634

like S. mansoni and B. pahangi express highly ac%ve pyruva*e kinase (PK) and lac*a*e dehydrogenase635

(LDH), 6ur*her me*abolizing pyruva*e *o lac*a*e during 6ermen*a%on (shown in green), whereas A.636

lumbricoides, H. diminu.a and F. hepa3ca express high levels o6 phosphophenyl pyruva*e637

carboxykinase (PEPCK) and cy*osolic mala*e dehydrogenase (cMDH) and produce oxaloace*a*e and638

mala*e during anaerobic respira%on (shown in orange). Two examples o6 drugs which *arge* helmin*h639

glycoly%c enzymes are shown, wi*h meYoquine *arge%ng enolase and Clorsulon *arge%ng640

phosphoglycera*e kinase (PGK). Original Zgure using in6orma%on 6rom Tielens e. al, 1987 [52]. Crea*ed641

wi*h BioRender.com.642

643

Figure 2. The elec+ron +ranspor+ chain under aerobic condi/ons (A.suum larvae) and anaerobic644

condi/ons (A.suum adul+s). In A.suum larvae, elec*rons 6rom NADH or Succina*e are shutled *o645



ubiquinone (UQ) via Complex I (I) or Complex II (II) respec%vely, *o genera*e NAD (NAD+), Fumara*e646

and ubiquinol (UQH2). Elec*rons 6rom UQH2 are *rans6erred *o complex III (III), cy*ochrome c and647

ul%ma*ely O2 via Complex IV. Complex V uses *he pro*on gradien* caused by release o6 pro*ons 6rom648

complex I, III and IV *o syn*hesize ATP. In A.suum adul*s, elec*rons 6rom NADH are shutled *o649

rhodoquinone (RQ) *o genera*e rhodoquinol (RH2). The RQ pool is regenera*ed via Complex II (II)650

6unc%oning as a 6umara*e reduc*ase *o genera*e Succina*e 6rom Fumara*e. Crea*ed wi*h651

BioRender.com.652

653

Figure 3. Impac+ of H. polygyrus infec/on on a human dus+ mi+e airway allergy in vivo model. The654

addi%on o6 H. polygyrus in6ec%on causes arachidonic acid *o be me*abolized by cyclooxygenase (COX)655

*o 6orm pros*aglandins, which are 6ur*her me*abolized by microsomal-pros*aglandin E syn*hase656

(mPGES) *o 6orm pros*aglandin E2 (PGE2). The excre*ory/secre*ory produc*s (HES) produced by H.657

polygyrus con*ain a glu*ama*e dehydrogenase (GDH) enzyme homologue, 6ur*her increasing *he658

produc%on o6 PGE2 6rom human derived bone marrow macrophages (BMDMs) *rea*ed wi*h659

recombinan* GDH. This increase in PGE2 downregula*es eosinophil produc%on, leading *o an overall660

decrease in airway inYamma%on. In con*ras*, when COX-/- or mPGES-/- mice were used no change in661

eosinophil produc%on observed. This indica*es *ha* H. polygyrus is able *o dampen *he inYamma*ory662

response during HDM-induced airway allergy via *he increased produc%on o6 PGE2. Original Zgure663

crea*ed using in6orma%on 6rom Jimenez e. al, 2020 [87]. Crea*ed wi*h BioRender.com.664

665

Figure 4. Impac+ of H. polygyrus infec/on on bile acid homeos+asis and signalling. (A) Taurine-666

conjuga*ed primary bile acids (BAs) such as T-α-MCA and T-CDCA are presen* in high concen*ra%ons in667

*he small in*es%nal lumen. Bile acid *ranspor*ers (BAT) presen* in in*es%nal epi*helial cells are required668

6or *he reup*ake o6 BAs 6rom *he in*es%nal lumen. Once *ranspor*ed 6rom *he lumen, BAs bind *o669

nuclear recep*ors presen* on *he cell sur6ace o6 in*es%nal immune cells, e.g. *he nuclear 6arnesoid X670

recep*or (FXR). The subsequen* recep*or signalling cascade resul*s in regula%on in in*es%nal mucosal671

immuni*y. (B) FollowingH. polygyrus in6ec%on, *he concen*ra%on o6 T-α-MCA and T-CDCA in *he lumen,672

*he expression o6 genes encoding BATs and FXR signalling was signiZcan*ly reduced. Reduced FXR673

signalling may resul* in an increase in IL-6 and IL-12 produc%on and a decrease in T regula*ory cells674

(Treg). Original Zgure crea*ed using in6orma%on 6rom Lane e. al., 2023 [88] and Chen e. al., 2019 [89].675

Crea*ed wi*h BioRender.com.676

677



Ou#s#anding questons1

! Are me%abolic pa%hways %he mos% impor%an% %arge% 3or new an%helmin%hics in all helmin%hs?2

! How are cer%ain species o3 helmin%hs able %o syn%hesise %heir own SCFA, and can we utlise %his as3

a drug %arge%?4

! Is %he al%eraton o3 bile acid me%abolism signifcan% %o helmin%h survival, and is %his microbio%a-5

dependen%?6

! I3 we preven% helmin%h-induced al%eraton o3 eicosanoids, will %his be de%rimen%al %o parasi%e7

survival?8

! Wha% are %he me%abolic mechanisms by which helmin%hs can al%er SCFA, PUFA, and bile acid9

me%abolism?10

! Is i% possible %o employ recen%ly developed cell cul%ure %echniques %o assess %he eEectveness o311

novel drugs aimed a% me%abolism, %hus circumventng %he necessi%y 3or cos%ly in vivo models?12

Outstanding Questions



Figure 1 Click here to access/download;Figure;Figure 1 v2.tif



Figure 2 Click here to access/download;Figure;Figure 2.tif
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