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Abstract

Background

Globally, helminth infections and cardiometabolic diseases often overlap in populations and
individuals. Neither the causal relationship between helminth infections and cardiometabolic
diseases nor the effect of helminth eradication on cardiometabolic risk have been reviewed
systematically in a large number of human and animal studies.

Methods

We conducted a systematic review assessing the reported effects of helminth infections and
anthelmintic treatment on the development and/or severity of cardiometabolic diseases and
risk factors. The search was limited to the most prevalent human helminths worldwide. This
study followed PRISMA guidelines and was registered prospectively in PROSPERO
(CRD42021228610). Searches were performed on December 10, 2020 and rerun on March
2, 2022 using Ovid MEDLINE ALL (1946 to March 2, 2022), Web of Science, Cochrane
Library, Global Index Medicus, and Ovid Embase (1974 to March 2, 2022). Randomized
clinical trials, cohort, cross-sectional, case-control, and animal studies were included. Two
reviewers performed screening independently.

Results

Eighty-four animal and human studies were included in the final analysis. Most studies
reported on lipids (45), metabolic syndrome (38), and diabetes (30), with fewer on blood
pressure (18), atherosclerotic cardiovascular disease (11), high-sensitivity C-reactive pro-
tein (hsCRP, 5), and non-atherosclerotic cardiovascular disease (4). Fifteen different
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helminth infections were represented. On average, helminth-infected participants had less
dyslipidemia, metabolic syndrome, diabetes, and atherosclerotic cardiovascular disease.
Eleven studies examined anthelmintic treatment, of which 9 (82%) reported post-treatment
increases in dyslipidemia, metabolic syndrome, and diabetes or glucose levels. Results
from animal and human studies were generally consistent. No consistent effects of helminth
infections on blood pressure, hsCRP, or cardiac function were reported except some trends
towards association of schistosome infection with lower blood pressure. The vast majority of
evidence linking helminth infections to lower cardiometabolic diseases was reported in
those with schistosome infections.

Conclusions

Helminth infections may offer protection against dyslipidemia, metabolic syndrome, diabe-
tes, and atherosclerotic cardiovascular disease. This protection may lessen after anthelmin-
tic treatment. Our findings highlight the need for mechanistic trials to determine the
pathways linking helminth infections with cardiometabolic diseases. Such studies could
have implications for helminth eradication campaigns and could generate new strategies to
address the global challenge of cardiometabolic diseases.

Author summary

Helminth infections are caused by parasitic worms and affect over 1.5 billion people
worldwide. Helminth infections and cardiometabolic diseases are both common and
overlap with one another in many parts of the world. Studies have separately examined
the relationship between helminth infections and various cardiometabolic diseases, but
the relationships overall, as well as the impact of treatment of parasitic worms, have not
been studied systematically. The authors conducted a systematic review to assess the
impact of helminth infections, and treatment of helminth infections, on cardiometabolic
diseases and risk factors. Eighty-four total studies were analyzed and included in the final
review. People and animals infected with helminths were generally found to have fewer
cardiometabolic disease risk factors including better overall cholesterol profiles, less dia-
betes, and less atherosclerotic heart disease than uninfected study participants. After treat-
ment of helminth infections, participants frequently experienced worsening in those
cardiometabolic measurements. There were no consistent effects of helminth infections
on blood pressure, high-sensitivity CRP (an inflammatory marker), or other cardiac func-
tion. In summary, helminth infections may offer protection against certain cardiometa-
bolic diseases and risk factors. More studies are needed to elucidate the pathways linking
helminth infections with cardiometabolic diseases as it may impact how we treat both dis-
ease processes in regions where both are prevalent.

Introduction

Cardiometabolic diseases, which include cardiovascular disease and diabetes, are the leading
cause of death worldwide, accounting for 32% of global deaths [1]. The incidence of cardiome-
tabolic diseases and well-recognized traditional risk factors for these diseases, such as hyper-
tension and dyslipidemia, have been rising particularly in low- and middle-income countries
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(LMICs) [2]. Novel interactions with the environment may play a critical role in the develop-
ment of cardiometabolic diseases and risk factors in these regions.

Helminths infect approximately one-quarter of the world’s population [3] and account for
numerous neglected tropical diseases, causing significant morbidity and mortality mainly in
LMICs. Given that helminths have co-existed with humans for millennia, it would not be sur-
prising if coevolution has resulted in beneficial effects of helminth infections on human health.
Previous systematic reviews have reported that helminth infections can be associated with
favorable metabolic function and outcomes, but other cardiometabolic measures and the
effects of anthelmintic treatment were not included [4,5]. Additionally, other studies have
demonstrated inconsistency in the literature, with some showing that helminth infections
worsened or had no effect on metabolic measures [6-8]. Against the backdrop of the World
Health Organization’s efforts to eliminate helminth infections by 2030 [9] and these previous
data, we sought systematically to review data to investigate: (1) associations between helminth
infections and cardiometabolic diseases and risk factors, and (2) whether helminth eradication
could alter the prevalence and incidence of cardiometabolic diseases and risk factors. Given a
growing number of studies reporting relationships between helminths and cardiovascular
health, we hypothesized that helminth infections would be associated with fewer cardiometa-
bolic diseases and risk factors, and that anthelmintic treatment would increase the risk or
development of these noncommunicable diseases and conditions.

Methods

We conducted a systematic review to assess the effects of helminth infections on the devel-
opment and/or severity of cardiometabolic diseases and risk factors. This study was reported
in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) guidelines and was registered prospectively in PROSPERO
(CRD42021228610).

Data sources and searches

A comprehensive search was developed and performed on December 10, 2020 and rerun on
March 2, 2022 using Ovid MEDLINE ALL (1946 to March 2, 2022), Web of Science, Cochrane
Library, Global Index Medicus, and Ovid Embase (1974 to March 2, 2022). Both English and
foreign language papers were included. Databases were searched from inception. Authors
were not contacted for further information. Studies were uploaded to the Covidence platform
(Melbourne, Australia) for conduct of the screening and extraction phases.

Included study types were randomized clinical trials, cohort, cross-sectional, and case-con-
trol studies. Both human and animal studies were included. S1 Table summarizes our study’s
predefined search terms, keywords, and study types included, with the full search strategy
detailed in S1 Appendix.

Predefined search terms for cardiometabolic diseases and risk factors included systolic
blood pressure, total cholesterol, high-density lipoprotein cholesterol (HDL), high-sensitivity
C-reactive protein (hsCRP), coronary artery disease (CAD, which included myocardial infarc-
tion (MI) and large vessel atherosclerosis), cerebrovascular disease, peripheral vascular disease,
heart failure, rheumatic heart disease, congenital heart disease, and cardiomyopathies. These
terms were generated by identifying modifiable biomedical components included in 3 widely
used calculated cardiac risk equations (Atherosclerotic Cardiovascular Disease 2013 (ASCVD
2013) Risk Calculator, Reynolds Risk Score, and the Framingham Risk Score with Lipids), as
well as by including terms in the World Health Organization’s definition of cardiovascular dis-
ease [1].
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Predefined search terms for metabolic syndrome included abdominal obesity, athero-
genic dyslipidemia, raised blood pressure, insulin resistance, and glucose intolerance. These
terms were generated according to the biomedical components that characterize metabolic
syndrome, as defined by the National Cholesterol Education Program—Adult Treatment
Panel (ATP) III report [10]. Prothrombotic and proinflammatory states, also components
of the ATP III definition, were not included in the search as there is unclear guidance on
how to apply these risk factors to clinical patient care [10]. Additionally, articles that
reported host factors without any clear correlation to cardiometabolic diseases were
excluded.

Predefined search terms for helminths pathogenic in humans included the soil-transmitted
nematodes, filarial nematodes, platyhelminth flukes, and the platyhelminth tapeworm, Taenia
solium, as shown in S1 Table. Corresponding diseases for these etiologic agents were also
developed into the search (e.g., schistosomiasis for Schistosoma worm species). These hel-
minths were chosen because they are the most prevalent human helminthiases worldwide
[11].

Eligibility criteria and study selection

Studies were eligible if they fulfilled all of the following: 1) were a correct study type; 2) had a
correct parasite genus and species; 3) had a correct cardiometabolic disease or risk factor; 4)
described helminth infection as the exposure and cardiometabolic disease or risk factor as the
outcome of the study, or vice versa; and 5) had available full texts or abstracts with enough
information for further assessment. Excluded papers included review papers without original
data and case reports or case series. Duplicate records were removed. Two investigators inde-
pendently screened titles and abstracts to identify studies eligible for inclusion using the above
criteria, and a third investigator independently resolved discrepancies.

Data extraction and quality assessment

After the completion of the screening methods, data were extracted and quality assessment
was performed. Data extracted included helminth species and study type; country of origin;
sample size; cardiometabolic outcomes; key findings; effects of anthelmintic therapy on out-
comes, if applicable; and study limitations. Quality assessment of data was performed using
the Downs and Black checklist [12]. Studies were categorized as “poor,” “fair,” “good,” or
“excellent” based on a summative score derived from this checklist, and only those of “fair”
quality or above were included in the final analysis.

Data synthesis and analysis

Data were synthesized and analyzed in Stata MP/Version 17 (College Station, Texas) and
Microsoft Excel Version 16.53. Descriptive statistics were applied, using medians for continu-
ous variables and proportions for categorical variables.

Cardiometabolic diseases and risk factors reported from included articles were categorized
for analysis. These 7 categories included lipids, metabolic syndrome and related parameters,
diabetes and related parameters, blood pressure and other cardiovascular hemodynamics, car-
diovascular disease (which included CAD, MI, and large vessel atherosclerosis), hsCRP, and
non-atherosclerotic cardiovascular disease. It was anticipated that some studies would report
on more than one cardiometabolic outcome within the same study; if this occurred, then each
outcome was grouped accordingly under the corresponding category (e.g., if study A reported
on both lipids and diabetes, then we categorized study A under both the lipids and diabetes
categories, highlighting the specific outcome under each corresponding category and
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incorporating study A in the analysis of each category). Because some components of meta-
bolic syndrome overlap with other cardiometabolic categories, the metabolic syndrome cate-
gory only included anthropometric measurements (e.g., body mass index (BMI), waist
circumference (WC), and waist-to-hip ratio (WHR)), glucose intolerance, and insulin resis-
tance. Other components of metabolic syndrome, such as blood pressure or dyslipidemia,
were grouped into the blood pressure and lipids categories, respectively, and not included in
the metabolic syndrome category.

Due to the heterogeneity of study designs and inclusion of different cardiometabolic mea-
sures and helminth infections, a meta-analysis was not possible.

Results

Titles and abstracts of 8,646 studies were screened, after which 276 full-text papers were
assessed for inclusion. A total of 118 studies then underwent data extraction and quality assess-
ment with 84, which were determined to be of fair quality or higher, included in the final anal-
ysis (Fig 1). Fifteen different helminth species were represented, and these included
Ancylostoma duodenale, Ascaris lumbricoides, Brugia malayi, Clonorchis sinensis, Fasciola
hepatica, Necator americanus, Onchocerca volvulus, Opisthorchis viverinni, Schistosoma species
(including S. haematobium, japonicum, and mansoni), Strongyloides stercoralifigs, Taenia
solium, Trichuris trichiura, and Wuchereria bancrofti. Schistosoma species were most repre-
sented (S. mansoni (26), S. japonicum (8), unspecified Schistosoma species (7), and S. haemato-
bium (2)) and studied in 43 studies, followed by mixed helminths (12), Strongyloides stercoralis
(9), and others (20). The 34 records that did not meet Downs and Black criteria of “fair” or bet-
ter quality are reported in S1 Supplemental Table. The associations of helminths with each of
the 7 categories of cardiometabolic diseases and risk factors are discussed in the following
sections.

Helminths and lipid profiles

Forty-five studies examined helminth infections and serum lipid profile, including total cho-
lesterol, low-density lipoprotein cholesterol (LDL), HDL, and/or triglycerides (S2 Table).
These studies comprised 27 human and 17 animal studies, and 1 mixed human/animal study.

Studies examining serum lipids before and after anthelmintic treatment. Of the 45
studies, 6 reported on serum lipids both before and after anthelmintic treatment. Three of
these studies were conducted in humans [8,13,14] and 3 were conducted in animal models
[15-17].

Human studies examining serum lipids before and after anthelmintic treatment. One
cluster-randomized trial of 1898 adults in Uganda reported lower total cholesterol and LDL at
baseline in those with S. mansoni infection than those without [13]. The authors observed a
dose-response relationship in which those with moderate to heavy S. mansoni infection had
the lowest LDL and triglycerides. Similarly, individuals infected with S. stercoralis also had
lower LDL than those without Strongyloides infection. In clusters that received community-
wide intensive anthelminthic treatment with quarterly single-dose praziquantel and triple-
dose albendazole, the mean LDL increased after 4 years of follow-up, as compared to the mean
LDL in communities that received single-dose anthelmintic treatment, which was a significant
trend (2.86 vs 2.60 mmol/L; adjusted mean difference, 0.26 [95% CI, —0.03 to 0.56]; P = .08).
While this study provides robust evidence for LDL, it should also be noted that ongoing hel-
minth transmission in both study arms at the end of the study and a cluster-randomized
design with data reported as community means limited the study’s ability to investigate out-
comes at an individual level.
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Fig 1. PRISMA flow diagram of systematic review.
https://doi.org/10.1371/journal.pntd.0011022.9001

A second human study reported significantly elevated HDL but no differences in serum
total cholesterol, LDL, or triglycerides at baseline in 200 adults with O. viverrini infection ver-
sus 200 uninfected adults [14]. Six months after treatment with praziquantel, a further increase
in HDL was observed.

In contrast, a household, cluster-randomized controlled trial [8] investigated lipid profiles
in 1669 Indonesian persons with mixed helminth infections and found no significant associa-
tions between helminth infection and serum lipids either at baseline or 52 weeks post-anthel-
mintic treatment with albendazole.
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In summary, 2 out of 3 human studies found that alterations in serum lipids were associated
with helminth infections. Treatment of infection led to an increase in serum lipids in both
studies [8,9].

Animal studies examining serum lipids before and after anthelmintic treatment. One
mouse study examined lipid changes in male mice exposed to S. japonicum cercariae or soluble
egg antigen (SEA) [15]. They reported no differences in lipid profiles between cercariae-
exposed and unexposed mice at baseline, but mice that were effectively treated with praziquan-
tel had developed elevated LDL and HDL levels by 9 weeks post-treatment, compared to unin-
fected or persistently infected mice.

One sheep study found lower LDL in Fasciola-infected animals at baseline that increased 28
days after anthelmintic treatment with triclabendazole and levamisole [16]. This was also
accompanied by newly elevated total cholesterol and HDL after treatment of infection. This
study also reported decreased serum triglycerides after anthelmintic treatment. Limitations
included studying only 30 sheep of unclear sex distribution, and possible confounding effect of
a peroxisome proliferator receptor alpha agonist, which can affect lipids and was included
with the treatment of fasciolosis. Additionally, although infected sheep were treated and had a
significant reduction in parasite eggs, sheep still had up to 100,000 eggs per gram of stool post-
treatment, suggesting that infection was not completely eradicated.

In another animal study using F. hepatica-infected sheep, the serum total cholesterol, LDL,
HDL, and triglycerides were all lower at baseline and remained low with only minor, non-sig-
nificant increases on day 28 after treatment of infection with triclabendazole and levamisole
when compared to uninfected sheep [17]. However, by day 56 post-treatment, differences in
total cholesterol, LDL, and triglycerides were no longer present, supporting the hypothesis that
anthelmintic treatment would remove the beneficial effects of helminth infection on cardio-
metabolic risk factors. Limitations of this study included small sample size of 25 sheep and that
the study appeared to only compare pre-post treatment lipids in the infected group to baseline
measurements obtained in the control group.

In summary, 2 out of 3 animal studies demonstrated that helminth infection was associated
with lower lipid levels [16,17]. All 3 studies showed that anthelmintic treatment subsequently
increased lipid levels in these animal models [15-17].

Summary of studies examining serum lipids before and after anthelmintic treatment.
Taken together, 4 of these 6 studies (67%, 2 human, 2 animal) reported that helminth infection
was associated with beneficial lipid levels at baseline [13,14,16,17], and the majority (5 of 6
studies, or 83%) demonstrated some increases in various serum lipids after anthelmintic ther-
apy [13-17]. Lower LDL was the most frequently reported lipid measurement associated with
helminth infections among these studies at baseline, with higher HDL, lower triglycerides, and
lower total cholesterol reported less frequently. It should also be noted that HDL was consis-
tently reported to increase after infected individuals were treated [14-16], which in practice
could translate to a clinical benefit given that cardiovascular risk is known to increase sharply
as HDL levels fall below 40 mg/dL [18] and that the risk of CAD increases by 13% for every
10% reduction in HDL [19]. This suggests that helminth infections and anthelmintic treatment
may preferentially affect certain types of lipids through different mechanisms that warrant fur-
ther investigation. Interestingly, these effects were observed predominantly in helminths that
affect the liver, suggesting intra-hepatic processing of cholesterol may be altered by these liver
flukes. No significant trends were noted when these studies with pre-post anthelmintic treat-
ment data were stratified by age or sex.

Cross-sectional associations of helminth infections with serum lipids. Of the 45 studies
cross-sectionally comparing serum lipids in human and animal studies, 36 reported lower lip-
ids in association with helminth infection, 23 demonstrated no relationship, and 16 showed
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that helminth infection was associated with higher lipids. Given heterogeneity in lipid trends
within many of the studies, each lipid measurement will be discussed separately with compari-
sons between human versus animal studies.

Forty-three of these studies reported on total cholesterol [6-8,13-17,20-55]. Of these, 28
reported on participants infected with Schistosoma species or with mixed helminths that
included Schistosoma species [6,7,13,15,25-28,30,31,35,37,39-44,46,48-55]. These 28 studies
mostly reported that infected individuals or those challenged with helminth products had lower
total cholesterol than uninfected participants. Including all helminths in other studies, 96% (24
of 25 total studies, which consisted of 11 human and 13 animal studies with 1 mixed study) that
reported a relationship between helminth infection and lower total cholesterol found this
inverse association to be significant [13,17,24-31,33,35,38-41,44,46-51,54,55]. In contrast, 6
studies (14%, all with different helminths with 4 human and 2 animal studies) reported associa-
tions with increased total cholesterol [6,20,21,33,34,36], and 13 (30%, 10 human and 3 animal
studies, of which 6 examined schistosome infections) demonstrated no effect of infection on
total cholesterol [7,8,14-16,22,23,32,36,37,42,43,53]. Notably, some studies reported differences
in total cholesterol depending on factors such as duration of infection, co-morbidities, type of
helminth infection, route of exposure to infection, geographic locations (e.g., urban vs rural or
endemic vs. non-endemic), and BMI. For example, rabbits infected with C. sinensis developed
higher total cholesterol during the first week of infection which then decreased below baseline
levels during weeks 2-8 of infection [33]. In contrast, S. mansoni-infected mice had significantly
lower total cholesterol than uninfected mice after exposure to schistosome eggs or egg antigens,
but not to cercariae [44]. In another study, S. haematobium infection was associated with lower
total cholesterol and other lipids only in overweight and obese infected people [52]. Although
such heterogeneity of potential confounders makes comparisons challenging, the majority of
these studies (24 of 43, or 56%) found that helminth infections, mostly with schistosomes but
including other helminths as well, were significantly associated with lower total cholesterol.
These 24 studies included robust human (n = 10 with 1 mixed study) and animal (n = 13) stud-
ies with large sample sizes and diverse study designs and participants, suggesting that beneficial
effects of helminth infections on total cholesterol may be generalizable.

Twenty-nine studies reported on LDL [6-8,13-17,22,25,27-30,34-36,39,42,43,45-48,50-
54], and the majority of these [19] focused on those infected with Schistosoma species. Eigh-
teen (10 human, 8 animal) of the 29 studies (62%) found infected participants to have lower
LDL than uninfected participants [7,13,16,17,25,27-30,34,35,39,45-48,50,51,53], of which 11
were in those with schistosome infections. By comparison, 3 studies (10%; 2 human, 1 animal)
reported higher LDL in those with different helminth infections [6,34,36], and 10 (34%; 8
human, 2 animal), including 6 on schistosomes, showed no effect [7,8,14,15,22,36,42,43,52,54].
Similar to studies of total cholesterol, differences in LDL also depended on additional factors
in some studies. For instance, S. stercoralis was associated with lower LDL in people with alco-
holism, but with higher LDL in people who were not alcoholics [34]. Similarly, O. viverrini-
infected hamsters had higher LDL than uninfected hamsters during acute infection, but there
were no differences in LDL between the two groups as the infected hamsters progressed to
chronic infection [36]. In total, almost 2/3 of the studies that reported on LDL demonstrated
lower LDL in infected versus uninfected participants. Similar to the observation with total cho-
lesterol, there were strong human and animal studies representing a breadth of helminth infec-
tions and study designs that supported this trend.

More heterogeneity was observed for associations between helminth infection and HDL or
triglycerides. Of the 31 studies investigating HDL [6-8,13-17,22,25,27-30,32,34-37,39,42,43,
46-48,50-54,56], 13 (42%; 7 human, 6 animal) found lower HDL [6,17,27,29,36,37,39,46,48,
50,52,54,56], 9 (29%; 7 human, 2 animal) reported higher HDL [14,25,28,30,34,42,43,51,53],
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and 9 (29%; 6 human, 3 animal) saw no association between helminth infections and HDL lev-
els [7,8,13,15,16,22,32,35,47]. Notably, fewer than 50% of these studies showed lower HDL lev-
els associated with infection, in contrast to high frequencies of studies that identified such
inverse relationships between helminths and total cholesterol or LDL. Given the known associ-
ation between lower HDL levels and increased CAD, it should be noted that this inverse rela-
tionship suggests that helminth infections may translate clinically to lower cardioprotection
with respect to HDL [18,19]. In fact, only 29% of the studies showed a potentially protective
effect with higher HDL levels in those with helminth infections. As with the other lipid mea-
surements, the majority of the studies reporting either lower or higher HDL levels focused on
schistosome infections, while those showing no effect had an even split between mixed hel-
minth and schistosome infections.

Lastly, 35 studies reported on triglyceride levels with 20 showing lower triglycerides (57%;
12 human, 7 animal, 1 mixed study) [13,17,25,26,28,30,34,37,39,41-43,46,48,50-54,56], 3 (9%;
2 human, 1 animal) reporting higher triglycerides [29,32,36], and 15 (43%; 8 human, 7 animal)
demonstrating no association with helminth infections [6-8,14-16,22,27,34-36,40,47-49].
The majority of these studies focused on schistosome infections. None of the 3 studies showing
higher triglyceride levels investigated schistosome infection. Some of these studies reported
varying trends of triglycerides in their same cohort of participants, similar to that observed in
the total cholesterol and LDL studies. For example, one study documented significantly lower
triglycerides in S. mansoni-infected mice that were fed normal diet, though not in those fed a
high-fat diet (HFD), when compared to uninfected controls [37]. In a human study of S. man-
soni infection in two regions of different schistosome endemicity in Ethiopia, no differences in
triglyceride levels were seen between infected and uninfected individuals within the same
region, but infected individuals in the highly endemic region had lower triglycerides than
uninfected individuals in the S. mansoni-nonendemic region [48], possibly due to undiag-
nosed infections in the highly endemic region. The majority of these studies (57%) found
lower triglycerides in infected versus uninfected individuals.

Summary: Overall, 45 studies reported on serum lipids with a median sample size of 167.5
study participants. Most (36 of 45 studies) demonstrated that helminth infections were associ-
ated with lower serum lipid levels cross-sectionally. Of the 6 that reported on the effects of
anthelmintic treatment, 5 (2 human and 3 animal studies) showed that post-treatment serum
lipid levels increased.

Of note, 12 human studies [7,8,13,21,26,32,34,39,45,47,48,52] focused on individuals with a
median age of less than 50 years (38.5 [IQR 31.2-44.1]) and a median of 50% [46.5-59.1%]
women. Among these, 6/11 reported lower total cholesterol, 6/8 reported lower LDL, and 5/9
reported lower triglycerides in those with helminth infections. Only 1/9 studies observed
increased HDL associated with infection. Together, these studies suggest that the beneficial
impact of helminth infections on unhealthy lipid levels may be highest in adults less than 50
years of age. In contrast, among the 8 human studies [6,22,25,28,42,43,53,56] with median par-
ticipant ages > 50 years (65.4 [54.2-69.5]) and fewer females (median 26% [16.2-40.8%]), only
2/7 studies observed lower total cholesterol and 3/7 observed lower LDL with helminth infec-
tions. However, helminth infections were associated with higher HDL in 5/8 studies and lower
triglycerides in 6/8. Conclusions in older adults are more limited due to fewer studies, and are
particularly limited for older women, who were underrepresented in these data. These data
suggest that older men may derive more cardioprotection from helminth infections than older
women, and that the beneficial lipid effects may be derived from different mechanisms in
younger versus older adults with helminth infections. More rigorous studies, including those
that control for infection intensity when examining effects of age and sex and those that have
older female participants, are needed.
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Helminths and metabolic syndrome

Thirty-eight studies reported on the associations of helminths with metabolic syndrome and
related measures, such as BMI, WC, WHR, glucose intolerance, insulin level, and/or homeo-
static model assessment for insulin resistance (HOMA-IR) (S3 Table). These studies com-
prised 24 human and 13 animal studies, and 1 mixed study.

Studies examining metabolic syndrome before and after anthelmintic treatment. Ten
of the 38 studies investigated effects of helminth infections on metabolic syndrome measures
before and after anthelmintic treatment [8,13-17,57-60]. Seven (4 animal, 3 human) of these
reported an increase in metabolic syndrome and related measures and 3 (all human) demon-
strated no effect on these factors after anthelmintic treatment.

Human studies examining metabolic syndrome before and after anthelmintic treat-
ment. Inhumans, two studies documented lower insulin levels and but no difference in ran-
dom blood glucose levels in S. stercoralis-infected individuals when compared to uninfected
people at baseline in two different cohorts: infected diabetic vs. uninfected diabetic individuals
in one study [58], and infected, non-diabetic obese vs. uninfected, non-diabetic obese individ-
uals in another study [59]. In individuals who received treatment with single-dose albendazole
and ivermectin, both insulin and random blood glucose levels increased at 6 months of follow-
up compared to pretreatment levels in those with known diabetes, and only insulin levels
increased in those receiving the same anthelmintic regimen and duration of follow-up but
who were obese and non-diabetic.

In a double-blind, household-cluster-randomized, placebo-controlled clinical trial of people
with and without mixed helminth infections, no differences in levels of insulin or glucose or
HOMA-IR were observed at baseline, but those with helminth infections who were random-
ized to receive albendazole treatment experienced a significant increase in insulin resistance
(HOMA-IR) at 52 weeks compared to those randomized to placebo treatment (estimated
treatment effect, 0.031 [95% CI, 0.004-0.059]; P = 0.04) [8]. Three other human studies
showed no effect of helminth infection or anthelmintic treatment on measures of metabolic
syndrome [13,14,57]

In summary, 50% (3 of 6) of human studies demonstrated increases in measures of meta-
bolic syndrome after treatment of helminth infection.

Animal studies examining metabolic syndrome before and after anthelmintic treat-
ment. Mouse models consistently showed negative associations of metabolic syndrome
parameters with helminth infections. S. japonicum-infected male mice had lower body weight
and less insulin resistance than uninfected mice at baseline. Nine weeks following treatment
with praziquantel, body weight and HOMA-IR of previously-infected mice increased com-
pared to chronically-infected, untreated mice [15]. In a second mouse model, S. mansoni-
infected mice had significantly lower blood glucose than uninfected mice at baseline, which
had increased 7 and 14 days after infected mice received praziquantel [60]. Two other animal
studies, using sheep and investigating the effects of Fasciola infection, reported similar trends
in blood glucose before and after anthelmintic treatment with triclabendazole and levamisole
[16,17], as seen in the mouse studies.

In summary, all 4 animal studies showed inverse assocations (lower measures of metabolic
syndrome) with helminth infection and a subsequent increase in these measures after infection
was treated.

Summary of studies examining metabolic syndrome before and after anthelmintic
treatment. Taken together, the majority of studies (7 of 10 (70%), with 4 animal and 3
human studies) reported lower body weight, blood glucose, insulin level, and insulin resistance
in association with helminth infections [8,15,17,58-60]. Subsequently, these parameters
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seemed consistently to increase after treatment of infected study participants. The 3 studies
demonstrating no effect of anthelmintic therapy on parameters of metabolic syndrome were
all human studies and notably also did not show any baseline differences in metabolic syn-
drome between helminth-infected and uninfected people [13,14,57]. Of note, the human stud-
ies included in this section had median participant ages of < 50 years (39.3 [34-44.3]), with
approximately equal distributions of men and women. Although few in number, these human
studies mostly suggest that anthelmintic treatment may paradoxically predispose both men
and women younger than 50 to an increased risk for metabolic syndrome.

Cross-sectional associations of helminth infections with metabolic syndrome. Thirty-
eight studies examined the baseline associations between helminth infections on metabolic
syndrome and related measures, of which 22 (58%; 12 animal, 9 human, 1 mixed human/ani-
mal) demonstrated lower metabolic syndrome and related measures [15-17,25,28,30,37,42,43,
47,48,51,56,58-66], 14 (37%; 13 human, 1 animal) showed no relationship [7,8,13,14,20,21,26,
32,45,52,53,57,67,68], and 3 (8%; 2 human, 1 animal) reported an increase or variable changes
in metabolic syndrome and related measures in association with helminth infections [6,66,69].
A large proportion of these studies (21/38) reported on blood levels of glucose or insulin; some
also measured glucose intolerance or insulin resistance. Some examined anthropometric mea-
surements, such as BMI, WC, and WHR, as well as prevalence of metabolic syndrome.

Two studies in China focused on people with history of prior schistosome infection (PSI).
The first showed a lower prevalence of obesity and abdominal obesity among 465 men with
PSI (8.4% and 24.3%, respectively) when compared to a control group of 1132 never-infected
men (16.4% and 41.8%, respectively) [43]. Women were also included in this study, but there
were no differences in obesity or abdominal obesity when the smaller numbers of previously
infected (n = 61) and uninfected (n = 284) women were compared to each other [43]. BMI was
lower in both men and women, and fasting blood glucose was also lower in women with previ-
ous infection compared to their uninfected counterparts. In the second study of 1,597 men,
the prevalence of metabolic syndrome and its components, including central obesity, hypertri-
glyceridemia, hypertension, and hyperglycemia, was lower in the group with PSI versus those
never infected [42]. Although both studies included large sample sizes, women were underrep-
resented in the first study (17.8%) and not included at all in the second; both also included
older individuals with an average age of ~65 years. Additionally, PSI was diagnosed as ultraso-
nographic liver abnormalities plus participants’ recall of past exposure to contaminated water
and anthelmintic treatment, but other liver diseases were not reported as being excluded.

Other animal studies and human studies from Brazil, China, Egypt, Ethiopia, the Nether-
lands, and the United States reported similar inverse relationships between active schistosome
infection and measures of metabolic syndrome [15,25,28,30,37,48,51,56,60-62,70]. Of note, 7
other studies did not demonstrate these associations, with 4 (3 human, 1 animal) showing no
association [26,52,53,67], 2 (1 human, 1 animal) reporting increased insulin resistance, glucose
intolerance, or insulinemia [6,66], and 1 (human) showing variable relationships between
measures of metabolic syndrome and schistosome infection [69]. The latter, for instance,
showed lower HOMA-IR and fasting insulin only in HIV-schistosome co-infected people not
on ART, and not in those with HIV on ART or HIV-uninfected individuals with schistosome
infection, when compared to normal controls [69]. This study also reported an increase in
pancreatic beta cell function in those with schistosome infection who were HIV-uninfected.

Overall, studies investigating metabolic syndrome with non-schistosome helminth infec-
tions also reported similarly lower measures of metabolic syndrome-related parameters
among infected individuals (n = 8) [16,17,47,58,59,63,65,69]. In contrast to the 22 total studies
showing inverse associations between helminth infections and metabolic syndrome or param-
eters, 14 other studies showed no association [7,8,13,14,20,21,26,32,45,52,53,57,67,68]. These
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14 studies included mostly human studies and investigated 4 Schistosoma, 4 mixed helminth, 3
Strongyloides, 1 Opisthorchis, 1 Fasciola, and 1 Ascaris infections.

Summary: In total, 38 studies reported on metabolic syndrome and related measures with a
median sample size of 213.5 human and animal participants. Most (22 of 38, or 58%) demon-
strated that helminth infections were associated with a lower frequency of metabolic syn-
drome, with most data coming from studies of Schistosoma infections. Of the 10 that reported
on the effects of anthelmintic treatment, 7 showed that metabolic syndrome parameters
increased after treatment of helminth infection.

When stratifying the human studies by age and sex, we conclude that in both men and
women younger than 50 years, there was mostly no relationship (n = 9/15) versus lower mea-
sures of metabolic syndrome (n = 6/15) in association with helminth infections [7,8,13,21,26,
32,45,47,48,52,58,59,65,68,69]. On the other hand, in 5 of the 7 human studies [6,25,28,42,43,
53,56] with an average age of 50 or above, helminth infections were associated with lower prev-
alence of metabolic syndrome, suggesting that helminths may offer protection against meta-
bolic syndrome in older individuals, particularly in men who were over-represented in these
studies.

Helminths and diabetes

Thirty studies investigated helminths and diabetes or related measures, such as hemoglobin
Alc or pancreatic inflammation by histopathological analysis (54 Table).

Studies examining diabetes before and after anthelmintic treatment in humans. Five
of these 30 investigated diabetes and related measures before and after anthelmintic treatment,
all in humans [14,57-59,71]. The first of these followed up on a previous study [32] in which
individuals with positive S. stercoralis serology had a significantly lower odds of prevalent type
2 diabetes (T2DM) [57]. Three years after testing and treatment for S. stercoralis infection, fol-
low-up was successful in 80% of the original cohort participants (n = 207). Those who had
been treated with ivermectin for Strongyloides infection had an unadjusted 7.7 times increased
relative risk of being diagnosed with T2DM than the uninfected, untreated group [57]. After
adjustment for age, sex, change in BMI and initial hemoglobin Alc, the relative risk for diabe-
tes was lower but still trended towards significance (RR 5.85, 95% CI 0.75-39.5, p = 0.093).

In support of these findings, two prospective cohort studies also demonstrated worsened
glycemic control after anthelmintic treatment. In O. viverrini-infected Thai individuals, who
had a lower mean hemoglobin Alc (5.5%) than uninfected individuals (6.0%) at baseline, pra-
ziquantel treatment led to a significant increase in hemoglobin Alc (5.5%—>6.0%) over 6
months [14]. In a second study, individuals with T2DM and Strongyloides infection had simi-
lar hemoglobin Alc and random blood glucose levels, but lower insulin and glucagon levels,
compared to uninfected individuals with T2DM at baseline [58]. Six months after albendazole
and ivermectin treatment with confirmatory repeat parasitological examinations, previously
infected individuals experienced increases in hemoglobin Alc by 25%, random blood glucose
by 18%, and insulin level by 13% when compared to their pretreatment levels.

In contrast, another study led by the same first author found no effects of Strongyloides
infection or anthelmintic treatment on hemoglobin Alc in non-diabetic, obese individuals 6
months after receiving albendazole and ivermectin [59]. Given a similar study design used by
the same authors in these two studies [58,59], the different conclusions may reveal a preferen-
tial glycemic benefit of Strongyloides infection for people with known diabetes, and not for
people without. Additionally, another study of children aged 9-14 years with mixed helminth
infections in South Africa documented no differences in hemoglobin Alc at baseline or 6
months after treatment with albendazole [71]. However, potential selection bias and metabolic
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differences between children and adults may limit this study’s conclusions; it was also not
reported whether the children were re-tested for infection or how many cleared their infection
at follow-up.

No animal studies reported on diabetes and related measures before and after treatment of
helminth infection.

In summary, 3 of 5 studies (60%; all human studies) that investigated markers of diabetes in
people after anthelminthic treatment reported paradoxical worsening of diabetes and related
measures after treatment [14,57,58]. Additional prospective data are warranted, particularly
focusing on other helminth infections, clarifying post-treatment findings in children, and
assessing whether age and sex affect the association between infection and diabetes.

Cross-sectional associations of helminth infections with diabetes, glucose, or pancreatic
inflammation. In total, 29 studies compared baseline measures of diabetes or pancreatic
inflammation in those with and without helminth infection. Seventeen studies (59%; 11 ani-
mal, 6 human) reported lower measures of diabetes or pancreatic inflammation [14,25,32,68,
72-84], 6 (21%; all human) demonstrated higher measures of these factors [6,85-89], and 5
(17%; all human) showed no association with respect to helminth infections [53,58,59,71,90].
In the final study there was no difference in hemoglobin Alc or fasting glucose regardless of
helminth infection or antiretroviral status among HIV-infected individuals, while among
HIV-uninfected individuals, soil-transmitted helminth (STH) infection was inversely associ-
ated with hemoglobin Alc (5.2% vs. 5.5% in STH-uninfected controls) after adjustment for
age and sex [69].

The 6 studies reporting higher measures of diabetes with helminth infections were all
human studies with mixed helminths (2), Schistosoma species (2), and Strongyloides (2) repre-
sented. Among the 2 studies with mixed helminths, an increased odds of diabetes was reported
for those with Taenia and Ascaris infections [86,87]. One case-control study among 300 people
in Sudan found an increased odds of prevalent urogenital schistosome (aOR: 2.5, 95% CI: 0.8-
7.8; p = 0.10) or intestinal parasite infection (aOR: 2.10, 95% CI: 0.97-4.5, p = 0.059) among
diabetic participants, and the intensity of S. haematobium infection correlated with duration
of T2DM (R = 0.666, p = 0.009) [85]. Similarly, the 5 studies showing no association were also
all human studies, with 3 focused on Strongyloides infection. One study of 2867 Chinese partic-
ipants with and without prior schistosome infection notably reported no difference in diabetes
(19.2% vs. 22.4%, respectively; p = 0.063), although those with PSI had significantly lower lip-
ids and CAD prevalence [53].

Of the 17 studies reporting lower measures of diabetes or pancreatic inflammation among
helminth-infected participants, 6 involved humans [14,25,32,68,73,74]. In one study of 762
people, 2.6% of those with normal glucose tolerance, versus none of those with Type 1 diabetes,
had positive antigen and antibody filarial tests for W. bancrofti and B. malayi [74]. A second
study of 1416 participants demonstrated a dose-dependent inverse relationship between these
filarial tests and T2DM, showing a lower prevalence of lymphatic filariasis among diabetic par-
ticipants (both newly diagnosed [5.7%] and those under treatment [4.3%]) compared to pre-
diabetic [9.1%, p = 0.0095) and non-diabetic participants [10.4%, p = 0.0463) [73]. Similar
inverse relationships have also been described between those with PSI and diabetes in China
[25], those with O. viverrini and hemoglobin Alc levels in Thailand [14], and those with prior
S. stercoralis infection and diabetes among Aboriginal Australians [32].

In comparison to the 6 human studies, 11 animal studies with mouse models using Schisto-
soma species (n = 7), Fasciola hepatica (n = 2), and filarial species (n = 2) also documented
lower measures of diabetes or pancreatic inflammation among helminth-infected animals
[72,75-84]. Seven of 11 documented histopathological changes of the pancreas in mice and
found that helminth infection was associated with less pancreatic inflammation, degradation,
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and other architectural changes in mice who were infected or exposed to helminth antigens as
compared to uninfected mice [72,76-81]. These studies also documented a lower incidence of
diabetes between infected and uninfected mice, and via correlations with pancreatic histopath-
ological changes suggested helminths may possibly protect against autoimmune diabetes. This
potential insight into mechanistic causes of these inverse relationships is valuable given that
human studies have been unable to examine for diabetes-related pancreatic changes.
Summary: In total, 30 studies reported on diabetes and related measures with a median
sample size of 279.5 participants. Most (17 of 29, or 59%) demonstrated cross-sectional associ-
ations between helminth infections and lower frequency of diabetes or diabetes-related param-
eters. Infection with Schistosoma species were most represented in these studies. Of the 5 that
reported on the effects of anthelmintic treatment, 3 (60%) showed that blood glucose increased
after treatment of helminth infection. Among human studies that reported median age and sex
distribution, 2 out of 5 [6,25,53,89,90] with median ages over 50 years observed a different
cross-sectional trend and suggested that helminth infection may possibly increase diabetes risk
in older women, although the sample size of studies is admittedly limited and women were
over-represented in those 2 studies, which both focused on Strongyloides [89,90].

Helminths and atherosclerotic cardiovascular disease

Eleven studies investigated the associations of helminths on CAD, M1, and/or large-vessel ath-
erosclerosis. None investigated the subsequent effect of anthelmintic treatment on these out-
comes (S5 Table).

Cross-sectional associations between helminth infections and atherosclerotic cardiovas-
cular disease in animals. Of the 6 mouse studies investigating effects of helminths on athero-
sclerosis [27,35,46,49,51,61], 5 showed fewer atherosclerotic plaques along the aorta and other
arteries in schistosome-infected versus uninfected mice. One of these showed that S. mansoni-
infected, ApoE-deficient mice had 50% less atherosclerosis in the aortic arch and brachioce-
phalic artery than uninfected mice [27]. Another reported similar findings, demonstrating that
mice on HFD exposed to S. mansoni SEA had smaller aortic plaque size and 44% less progres-
sion of aortic root atherosclerosis versus mice on HFD exposed to phosphate buffered saline
[49]. Additionally, a study investigating the effects of recombinant S. japonicum protein (rSj-
Cys) showed that treatment with the protein significantly decreased atherosclerotic plaque
along the entire aorta and aortic sinus, decreased fat deposition in the kidneys and glomerular
damage, and improved blood flow to the heart in mice that were fed a HFD [51]. Two other
studies [46,61] also found decreased aortic atherosclerosis in S. mansoni-infected mice,
although the statistical significance was not clear in one of them. In contrast, a study in which
mice received weekly S. mansoni egg exposure found that egg-exposed mice were not pro-
tected against the development or progression of atherosclerosis when fed a HED, despite hav-
ing lower total cholesterol and LDL, compared to unexposed mice on the same diet [35]. It
should be noted that sex was not clearly described in the majority of these animal studies, that
every animal study investigated the effects of schistosome infections, and that these studies
examined only large-vessel atherosclerosis, not CAD or MI. Additionally, it should be noted
that mouse studies are conducted in models with similar but altered physiology and under
extreme conditions (e.g., genetically altered or fed extremely HFD) as compared to human
studies.

Cross-sectional associations between helminth infections and atherosclerotic cardiovas-
cular disease in humans. Similar to the mouse studies, 1 human autopsy study also found
that Opisthorchis-infected cadavers had significantly less aortic atherosclerosis than the
autopsy cases without infection, and this was magnified with increasing infection burden
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across all age ranges [38]. Only 12.2% of the cadavers were female. In contrast, two cross-sec-
tional studies investigating the effects of mixed STH or filarial infections on carotid intimal
thickness, a measure of carotid atherosclerotic vascular disease, found no association between
infection and atherosclerotic plaque [22,47].

Only 3 studies reported on CAD or MI [22,53,91]. A cross-sectional study of 453 adults liv-
ing in India showed no association between lymphatic filariasis and CAD [22]. Further,
among those with CAD, there were no associations of lymphatic filariasis with ultrasound
measurements of carotid intimal thickness, aligning with the mouse study mentioned above.
In contrast, a second autopsy study also found less MI and atherosclerosis in autopsies with
bilharzial cirrhosis compared to all other autopsies, but important possible confounders
including age and sex of cadavers, and other types of cirrhosis, were not clearly described [91].
A third cross-sectional study of 2867 Chinese adults showed that prior schistosome infection
was significantly associated with a lower prevalence of CAD, which remained significant even
after adjusting for laboratory measures including serum lipids and hepatic dysfunction [53].

Summary: In total, 11 studies (6 animal, 5 human) reported on atherosclerotic cardiovascu-
lar disease with a median sample size of 319 study participants. None of these studies investi-
gated the effects of anthelmintic treatment on these outcomes. Specifically, only 3 studies (all
human) reported on CAD or MI [22,53,91], of which 2 (67%) found less CAD among those
with schistosome infection. Of note, 7 of 10 studies (70%; 6 animal, 4 human) of large vessel
atherosclerosis concluded that helminth infections were generally associated with less athero-
sclerosis, particularly in the aorta and carotid arteries [27,35,38,46,49,51,61]. Most demonstrat-
ing this inverse relationship were animal studies that investigated Schistosoma infections.
When the human studies were stratified by age and sex, no notable trends were observed,
though only a small number had clear reports of average age and proportion of women in
their studies. Future studies should rigorously control for potential confounders, such as age,
sex, physical activity, and other sociodemographic factors, that may be associated with both
helminth infections and atherosclerotic cardiovascular disease.

Helminths, blood pressure, and cardiovascular hemodynamics

Eighteen studies investigated relationships between helminth infection, blood pressure, and
cardiovascular hemodynamics, such as peripheral vascular resistance and mean arterial pres-
sure (S6 Table).

Studies examining blood pressure and cardiovascular hemodynamics before and after
anthelmintic treatment in humans. Three of the 18 studies investigated the effects of hel-
minth infections on blood pressure before and after anthelmintic treatment, all in humans.
One of these, a large prospective cohort study, found no differences in blood pressure before
and 6 months after treatment of O. viverrini with praziquantel [14]. A second study was a clus-
ter-randomized trial that demonstrated no differences in blood pressure before and after treat-
ment of mixed helminth infections with albendazole at 52 weeks of follow-up [8]. The third,
also a cluster-randomized trial, reported lower diastolic blood pressure in individuals with
heavy S. mansoni infections compared to uninfected individuals at baseline [13]. However, fol-
low-up blood pressures at 4 years were not affected by either quarterly or annual anthelmintic
treatment with albendazole and praziquantel, although it should be noted that there were per-
sistently high rates of infection in both treatment arms at follow-up. These studies mostly
enrolled people younger than 50 years, limiting conclusions about older persons.

Cross-sectional associations of helminth infections with blood pressure or cardiovascu-
lar hemodynamics. Together with the above 3 studies, 14 other human studies also compared
baseline measures of blood pressure and cardiovascular hemodynamics in those with and
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without helminths [7,23-25,32,42,43,47,48,53,56,68,91-92]. Of the studies investigating the
associations of helminths with systolic blood pressure or hypertension, 13 human studies in a
total of 18,807 people demonstrated no associations [7,8,13,14,24,25,32,42,43,47,48,53,68], 3
studies in a total of 781 people showed lower systolic blood pressure [23,56,91], and 1 reported
higher systolic blood pressure in 213 pregnant women [92]. The three studies reporting inverse
associations examined different helminth infections: O. volvulus (mean systolic blood pressure
105 mmHg vs. 113 mmHg in uninfected participants) [23], previous schistosome infection
(mean systolic blood pressure 110 mmHg vs. 127 mmHg in those never infected) [56]; and
autopsy cases with bilharzial cirrhosis (6.4% vs. 12.9% frequency of hypertension in all autopsy
cases) [91]. In contrast, the single study with positive associations reported elevated systolic,
diastolic, and mean arterial blood pressures in pregnant women with hookworm infection, and
a 6-fold increased odds of elevated mean arterial pressure in those with Trichuris, of borderline
significance [92]. However, the large majority of the studies, which included 95% of the human
participants, indicated no associations of helminth infections with systolic blood pressure.

The same 17 human studies also investigated diastolic blood pressure with 11 showing no
associations [7,8,14,23-25,32,47,48,53,68], 5 demonstrating lower diastolic blood pressure
[13,42,43,56,91], and the same study of pregnant women showing higher diastolic blood pres-
sure among infected participants [92]. Two of these studies, discussed in the prior paragraph,
showed inverse associations between helminth infections and both systolic and diastolic blood
pressure [56,91]. While helminth infection was not associated with systolic blood pressure,
higher intensity of S. mansoni infection in a study of 1898 individuals from Uganda was associ-
ated with lower diastolic blood pressure (72.8 vs. 76.7 mmHg (heavy vs. light or moderate
infection intensity, p = 0.01)) [13]. In further support of differential effects on diastolic versus
systolic blood pressure, two cross-sectional studies of people with prior schistosome infection
from China found lower diastolic pressure and less overall hypertension in men, but not
women, and no differences in systolic blood pressure [42,43]. Notably, women were under-
represented in both of these studies. Among 11 studies showing no association between hel-
minth infection and diastolic blood pressure, helminths represented included mixed species
(3), Schistosoma species (3), Strongyloides (2), Opisthorchis species (2), and O. volvulus (1).
Countries where these studies were conducted were also diverse and included Australia,
China, Indonesia, Thailand, Ethiopia, Republic of Chad, and Uganda. Similar to the trend seen
with systolic blood pressure, however, diastolic blood pressure seemed mostly to be unaffected
by helminth infections with 11 of 17 studies showing no association between helminth infec-
tion and diastolic blood pressure. Interestingly, in the 4 studies with discordant systolic and
diastolic blood pressure outcomes [13,23,42,43], 3 found that active or previous schistosome
infection was associated with lower diastolic blood pressures and no impact in systolic blood
pressures—perhaps suggesting differential effects on diastolic versus systolic blood pressures
could be limited to schistosome infection.

Other measures of cardiovascular hemodynamics were reported in the single mouse study,
which showed that mice infected with S. mansoni had lower peripheral vascular resistance and
mean arterial pressure than uninfected mice [93].

Summary: In total, 18 studies (17 human, 1 animal) reported on blood pressure and cardio-
vascular hemodynamics with a median sample size of 555 study participants. The effects of hel-
minths on blood pressure and peripheral vascular resistance were mixed, with no effect
reported cross-sectionally in 10 (56%) of those studies. Additionally, of the 3 studies that
reported on the effects of anthelmintic treatment, none showed that treatment of helminth
infection had effects on follow-up blood pressure. When the human studies were stratified by
age and sex, helminth infections were not associated with differences in blood pressure in
either men or women under the age of 50. In contrast, among the 5 studies [25,42,43,53,56]
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with older participants (median age 65.7 years [IQR 65.1-68.5] and 20.7% women [IQR
11.6%-27.7%]), helminth infection was consistently associated with lower diastolic blood pres-
sure measurements. These data suggest that a possible beneficial effect of infection on diastolic
blood pressure may occur more frequently in men over age 50 as compared to in women of
the same age group.

Helminths and hsCRP

Five studies examined helminth infections and hsCRP, an inflammatory marker that is used
clinically to evaluate cardiac risk (S7 Table).

Study examining hsCRP Before and after anthelmintic treatment in humans. Only 1 of
the 5 studies, all in humans, reported on the subsequent effects of anthelmintic treatment on
hsCRP [8]. This double-blind, cluster-randomized, placebo-controlled trial reported hsCRP
measurements at baseline and post-treatment among participants who received 4 rounds of
albendazole or matching placebo every 3 months for 3 consecutive days. Infected individuals
had one or more infections with A. lumbricoides, T. trichiura, A. duodenale, and N. ameri-
canus. The trial reported no difference in hsCRP between treatment groups at baseline or after
52 weeks of follow-up.

Cross-sectional associations of helminth infections with hsCRP in humans. Among
the 5 studies of helminths and hsCRP, 2 in Indonesia reported no differences in hsCRP
between those with mixed STH infections and those without [47,65]. In both studies, the geo-
metric mean hsCRP was 0.5 mg/L or below in all groups, well below the hsCRP threshold of 2
or higher typically recognized to be associated with an increased risk for cardiovascular events
[94,95].

In another cross-sectional study looking at CAD-positive vs. CAD-negative individuals liv-
ing in India with positive versus negative filarial (W. bancrofti and B. malayi) antigen tests, the
geometric mean hsCRP in the CAD-positive group was not different [22]. A fourth study in S.
haematobium-infected vs. uninfected individuals in Gabon also found no difference in median
hsCRP measurements [52].

Summary: In total, 5 studies reported on hsCRP with a median sample size of 646 partici-
pants, all in humans. None of the 5 studies showed any cross-sectional association between
helminth infections and hsCRP, nor were any trends observed when the studies were exam-
ined by age and sex. The single study that reported the effects of anthelmintic treatment failed
to demonstrate any effect of treatment of helminth infection on hsCRP.

Helminths and non-atherosclerotic cardiovascular disease

Four studies examined the associations of helminths with non-atherosclerotic cardiovascular
disease, defined in these studies as myocardial injury, myocardium lipid deposits, cardiac
hypertrophy, eosinophilic myocarditis, or other endomyocardial manifestations of eosino-
philia that may be related to helminth infections [46,96-98]. None of these studies investigated
the subsequent effects of anthelmintic treatment on outcomes of non-atherosclerotic cardio-
vascular disease (S8 Table).

Cross-sectional associations between helminth infections and non-atherosclerotic car-
diovascular disease. Of these 4 studies, 2 showed some increase in non-atherosclerotic car-
diovascular disease [96,98], 1 reported less non-atherosclerotic cardiovascular disease [46],
and 1 found no relationship between non-atherosclerotic cardiovascular disease [97] and hel-
minth infections.

In a mouse model, acute S. mansoni infection was associated with abnormally lower density
of cardiomyocytes, increased area of injury indicative of more myocarditis, and increased
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collagen deposition on histopathological examination when compared to uninfected mice
[98]. Further, as infection became more chronic, mice developed progressively worsening
myocardial disease that was characterized by a further decrease in total cardiomyocytes. Nota-
bly, this study included only 20 mice, all of which were females. Another animal study reported
an inverse relationship between S. mansoni infection and myocardium lipid deposits and car-
diac hypertrophy in mice fed HFD or standard diet (SD) [46]. Investigators first showed that
HFD versus SD led to abnormal myocardial deposits and cardiac hypertrophy on histopathol-
ogy, then found that mice that were fed HFD and exposed to S. mansoni cercariae or soluble
egg antigen developed fewer myocardial lipid deposits and cardiac hypertrophic changes than
unexposed mice fed a HFD. Only male mice were used in this study.

In a third study, 50 young adult immigrants who had come from sub-Saharan Africa were
stratified into those with mixed helminth infection and/or eosinophilia (study group) versus
those without (control group) to evaluate for the presence of endomyocardial lesions [97]. The
study group had thickened posterior mitral valve leaflets on both qualitative and quantitative
echocardiography. No associations were observed between the type of helminth infection and
valvular involvement or with degree of eosinophilia. Additionally, one other human study
showed that Opisthorchis infection was associated with eosinophilic myocarditis in cadavers,
but there were several limitations, including that it was not clear how infection was deter-
mined, whether a control group was used, or whether the reported outcomes reached statistical
significance [96].

Summary: In total, 4 studies (2 animal, 2 human) reported on non-atherosclerotic cardio-
vascular disease with a median sample size of 45 study participants. The effects of helminths
on non-atherosclerotic cardiovascular disease were mixed, with 2 studies showing more endo-
myocardial pathology, 1 demonstrating less, and 1 reporting no association between non-ath-
erosclerotic cardiovascular disease and helminth infection. No studies investigated the effects
of helminth eradication on non-atherosclerotic cardiovascular disease, which could provide
helpful data to guide understanding of this area. Interestingly, the 2 mouse studies—both
studying S. mansoni—had either all female or all male mice and came to different conclusions
concerning the association between infection and cardiac changes. Further studies in this area
are needed and should investigate whether sex and age may play a role in the relationship
between helminth infections and non-atherosclerotic cardiovascular disease.

S9 Table summarizes the major findings for each category of cardiometabolic diseases and
risk factors.

Discussion

Our robust synthesis of 84 human and animal studies consistently demonstrates that helminth
infections may protect against dyslipidemia, metabolic syndrome, diabetes, and atherosclerotic
cardiovascular disease. This is particularly strengthened by the existence of longitudinal stud-
ies in which these parameters paradoxically increased after elimination of helminth infections.
We posit that the ability of helminth infections to lower atherosclerotic cardiovascular disease
risk seems to be mostly explained by a reduction in metabolic risk factors, such as dyslipidemia
and diabetes, and may also be partly explained by the type of helminth infection. Our review
confirms the findings of prior systematic reviews on metabolic outcomes [4,5] and extends
them to examine post-treatment effects. Further, to our knowledge, this is the first systematic
review to comprehensively evaluate the effects of a variety of helminth infections and anthel-
mintic treatments on multiple cardiometabolic diseases and risk factors. Importantly, these
data show that the burden of cardiometabolic diseases and risk factors may paradoxically
worsen as the World Health Organization and global community strive to eliminate human
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helminthiases worldwide, which would have implications for at least 24% of the world’s popu-
lation [9,99].

Our data indicate that metabolic effects, rather than immune alterations, may explain the
observed associations between helminth infections and lower cardiometabolic diseases. This is
a notable finding given that helminth infections are well-known to induce type 2 and T regula-
tory immune responses while downregulating proinflammatory type 1 immune responses that
are critical to the pathogenesis of some cardiometabolic diseases [99-104]. If lower cardiome-
tabolic diseases were driven by helminth-induced immune changes, one might expect that
hsCRP, which is elevated in cardiovascular disease and is used to stratify cardiac risk [94,95],
would be lower in those with helminth infections [101,105,106]. Instead, we found no differ-
ence in hsCRP levels but strong, consistent differences in lipid and metabolic factors. We note
that CRP is a nonspecific inflammatory marker [107] and we cannot conclude that lack of dif-
ferences in CRP indicates lack of contribution of immune findings to our observations. How-
ever given the key role of the liver in lipid and glucose metabolism and the predilection of
many helminths to affect this organ, we posit that altered intra-hepatic or other metabolic
functioning may also contribute to the associations we have observed. One other important
caveat is that we cannot exclude other immunologic mechanisms, including the liver’s role in
host immune responses [108], in analyzing the etiologies that may explain the inverse associa-
tions that we have reported.

Helminth infections are known to affect several metabolic pathways that could ultimately
contribute to lowering cardiometabolic disease risk. For instance, it has been postulated that
helminths could decrease serum lipids by parasitizing host dietary nutrients for their own sur-
vival, by altering the gut microbiota and thereby affecting intestinal lipid metabolism, or by
regulating lipid metabolism in the liver or peripheral adipose tissue [52,109]. Helminths use
host lipids for their own biosynthetic purposes, such as for membrane formation during larval
stages and by incorporating fatty acids into parasite eggs [110]. An alternative hypothesis is
that the lower adiposity in individuals with helminth infections could explain the inverse rela-
tionships observed between helminth infections with dyslipidemia and diabetes. Either of
these hypotheses could be supported by our findings of little or no association between hel-
minth infections and hypertension or non-atherosclerotic cardiovascular disease. One possible
exception could be the association of helminth infections with lower diastolic blood pressure.
A potential explanation for the lower diastolic blood pressure in people living with helminth
infection could be arterial stiffness. Helminth infection may reduce diastolic blood pressure
through either metabolic [111] or immunomodulatory effects [112-114]. The beneficial effect
of helminth infection on lower diastolic blood pressure may be particularly profound in older
adults [115], as 2 of the 3 positive studies for diastolic blood pressure enrolled participants
with a mean age above 65 years [42,43].

Different helminths may have distinct effects on cardiometabolic diseases, potentially
through direct physiologic or local metabolic effects on the liver. In support of this, over 90%
(38 of 42) of studies with Schistosoma species, blood flukes that can affect the liver and intes-
tines, demonstrated an association between infection and lower frequencies of cardiometabolic
diseases and risk factors with infected participants generally having lower serum lipids, glu-
cose, and other metabolic parameters than uninfected participants. In contrast, only 33% (4 of
12) of the studies with mixed helminths, 67% (6 of 9) of those with Strongyloides, and 75% (15
of 20) of those with all other helminths reported some inverse relationships between helminth
infection and cardiometabolic risk. Given the smaller number of studies focused on other hel-
minths compared to those that reported on Schistosoma species, future studies investigating
the relationship between helminth infections and cardiometabolic diseases may consider
focusing on these other helminths.
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The mechanistic pathways that connect helminth infections with cardiometabolic diseases
could provide new drug targets or other strategies to manage the global burgeoning of these
cardiometabolic diseases. In particular, LDL was more consistently altered than HDL in hel-
minth-infected participants, which may be similar to trends seen with the use of statin drugs
[116]. This suggests that helminths may perhaps affect a specific aspect of the common path-
way of lipoproteins [117] that preferentially alters LDL levels while relatively conserving HDL
levels. Given the known clinical benefit of elevated HDL in lowering cardiovascular risk
[18,19] and its inclusion in commonly used calculated risk equations (ASCVD 2013 Risk Cal-
culator, Reynolds Risk Score, and the Framingham Risk Score with Lipids), several questions
remain in our comprehensive literature assessment. First, do alterations in LDL lower cardio-
vascular risk in helminth-infected individuals chronically if HDL levels are largely unaffected?
Second, given that LDL is more frequently altered in helminth infections, should calculation of
cardiac risk in helminth-endemic areas be tailored to consider LDL, instead of HDL, levels?

Mechanistic clinical trials with translational components are needed to illuminate these
pathways and answer these questions. Studies in which helminth infections are treated can
incorporate measures of cardiometabolic diseases, which could guide future clinical screening
and management for cardiometabolic diseases as we work towards global eradication of hel-
minths. Prospective studies in humans must also account for crucial sociodemographic and
clinical confounders that may be associated with both helminth infections and cardiometa-
bolic diseases, which dramatically affected outcomes in some studies [42,52,69], particularly
when women were under-enrolled. Examining trends seen in animal versus human studies
further supports the need for rigorous control of potential confounding variables. Over 85% of
animal studies reported less cardiometabolic diseases or risk factors in the setting of helminth
infections, as compared to only ~64% of human studies, which suggests the presence of impor-
tant confounders.

Our study has limitations. First, diagnostics used in the included studies vary by sensitivity
and host characteristics, and in some studies were based on clinical history and subject to recall
bias. Further, other studies did not document the clearance of helminth infections after treat-
ment. These scenarios may lead to infections being underrepresented at baseline or overrepre-
sented at follow-up, and may have influenced reported outcomes. Second, it is possible that
medications could contribute to observed post-treatment effects. Praziquantel and albenda-
zole, the two anthelmintics used in the majority of the included studies, do not have known
direct effects on host glucose or lipid metabolism. However, ivermectin has been shown to
decrease serum glucose and cholesterol levels in a few experiments [118,119]. Contrary to the
results of those experiments, the 3 studies in this review that used ivermectin all reported
increases in diabetes and/or metabolic syndrome, though the total sample sizes were small.
Third, as with any systematic review, the risk of publication bias could have led to under-
reporting of studies that did not find associations between helminth infections and cardiome-
tabolic diseases. Our systematic review was also limited to only the most prevalent human hel-
minths, which may have excluded other important work examining the effects of non-human
helminths on cardiometabolic diseases. Finally, due to the heterogeneity of the data with
diverse study types, helminths, and cardiometabolic diseases and risk factors represented, a
meta-analysis was not possible, which limits our ability to estimate overall effect sizes or to
examine more comprehensively for the effects of confounders.

In summary, this rigorous, comprehensive systematic review demonstrates consistent inter-
actions of helminths with dyslipidemia, diabetes, and atherosclerotic cardiovascular disease.
Our data suggest that increased preventive care may be needed for individuals at moderate or
high risk for cardiometabolic disease who receive mass drug administration for helminth
infections. Providing these individuals with regular screening for diabetes, lipids, and
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atherosclerotic cardiovascular disease could mitigate possible increased cardiometabolic risk
after anthelmintic treatment in highly endemic areas, particularly those in which routine pre-
ventive primary care may not be available. Our findings highlight the need for further cross-
disciplinary research, which would have implications for both individual and population
health and could point towards ground-breaking new strategies to address the intersection
between helminthiases and non-communicable diseases globally in regions where both com-
monly overlap.
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