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ABSTRACT
Fetal growth restriction (FGR) is associated with perinatal death and adverse birth outcomes, as 
well as long-term complications, including increased childhood morbidity, abnormal neurodeve
lopment, and cardio-metabolic diseases in adulthood. Placental epigenetic reprogramming asso
ciated with FGR may mediate these long-term outcomes. Placental malaria (PM), characterized by 
sequestration of Plasmodium falciparum-infected erythrocytes in placental intervillous space, is the 
leading global cause of FGR, but its impact on placental epigenetics is unknown. We hypothesized 
that placental methylomic profiling would reveal common and distinct mechanistic pathways of 
non-malarial and PM-associated FGR. We analyzed placentas from a US cohort with no malaria 
exposure (n = 12) and a cohort from eastern Uganda, a region with a high prevalence of malaria 
(n = 12). From each site, 8 cases of FGR and 4 healthy controls were analyzed. PM was diagnosed 
by placental histopathology. We compared the methylation levels of over 850K CpGs of the 
placentas using Infinium MethylationEPIC v1 microarray. Non-malarial FGR was associated with 
65 differentially methylated CpGs (DMCs), whereas PM-FGR was associated with 133 DMCs, 
compared to their corresponding controls without FGR. One DMC (cg16389901, located in the 
promoter region of BMP4) was commonly hypomethylated in both groups. We identified 522 
DMCs between non-malarial FGR vs. PM-FGR placentas, independent of differing geographic 
location or cellular composition. Placentas with PM-associated FGR have distinct methylation 
profiles compared to placentas with non-malarial FGR, suggesting novel epigenetic reprogram
ming in response to malaria. Larger cohort studies are needed to determine the distinct long-term 
health outcomes in PM-associated FGR pregnancies.
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Introduction

Malaria during pregnancy leads to adverse birth 
outcomes including fetal growth restriction (FGR), 
low birth weight, preterm birth, and fetal loss. In 
2022, 12.7 million pregnant individuals in sub- 
Saharan Africa were exposed to malaria, poten
tially resulting in an estimated 914,000 babies 
being born with low birth weight in the absence 
of pregnancy-specific chemoprevention placental 
malaria (PM), characterized by the sequestration 
of Plasmodium falciparum-infected red blood cells 
(RBCs) in the placental intervillous spaces, has 

been independently associated with small for 
gestational age deliveries and poor neurodevelop
mental outcomes [1–4]. PM is the leading global 
cause of FGR. Two mechanisms have been pro
posed: 1) congestion and inflammation, secondary 
to the sequestration of infected RBCs in the inter
villous spaces during pregnancy, disrupt tropho
blast invasion and angiogenesis, decreasing the 
umbilical artery flow [5–7]; and 2) vascular dys
function and chronic inflammation contribute to 
impaired nutrient exchange at the maternal-fetal 
interface and imbalances in growth factors [8].
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Fetal growth is evaluated by in utero ultrasono
graphic measurements of fetal biometric measure
ments [9]. FGR is defined as an estimated fetal 
weight or abdominal circumference less than the 
10th percentile for gestational age [10]. FGR has 
important influences on human health. Early onset 
FGR (<32 week gestation) and severe FGR (<3rd 

percentile) are associated with up to 1.5-fold 
increased risk of stillbirth and a 2 to 5-fold risk 
of perinatal death [11]. Long-term complications 
of FGR include increased childhood morbidity and 
cardiovascular, metabolic, and neuropsychiatric 
diseases in adulthood [2,4,12–24]. In areas with 
no malaria risk, the etiologies of FGR include 
maternal comorbidities such as hypertension, 
autoimmune disease, renal insufficiency as well as 
placental dysfunction, genetic abnormalities, and 
environmental exposures [10].

PM and FGR independently impact infant 
growth and neurodevelopment [25–29]. These 
long-term health impacts may be mediated 
through epigenetic modifications, including DNA 
methylation, histone marks, and expression of 
non-coding RNAs [30–32]. For example, placental 
epigenetic modifications proximal to genes such as 
IGF2, AHRR, HSD11B2, WNT2, and FOLS1 were 
found to be associated with FGR [33,34]. Studies 
have investigated epigenetic changes in the pla
centa occurring with FGR from a broader perspec
tive. Placental methylation in FGR cases resulting 
from chemical exposures, such as maternal cad
mium or phthalate exposure, has been studied 
[35–38]; however, FGR resulting from maternal 
infections has not been explored. In contrast, epi
genetic studies of human responses to malaria 
have been largely focused on immune markers of 
disease susceptibility [39,40]. Altered DNA methy
lation has been demonstrated in monocytes after 
malaria infection, resulting in age-dependent 
changes in innate immune and inflammatory 
responses [41,42]. To our knowledge, no studies 
have examined the epigenetic interactions among 
pregnancies affected by both FGR and PM, 
although existing evidence suggests the potential 
for shared and divergent mechanisms contributing 
to altered fetal programming. In this study, we 
compared methylation profiles in placentas of 
non-malarial and PM-associated pregnancies, 
with or without FGR.

Materials and methods

Study design and subjects

Placental samples were collected from two inde
pendent patient cohorts. Cohort 1 (no malaria) 
was comprised of 12 placental samples prospec
tively collected at the, UCSF Medical Center, 
University of California, San Francisco, United 
States (US) from 2018 to 2022 (IRB #10–00505, 
#20–32077 and #21–33986). Cohort 2 (malaria 
endemic) was comprised of 12 placental samples 
prospectively collected from 2021 to 2022 in Busia, 
Uganda, as part of a randomized controlled trial of 
intermittent preventative treatment for malaria in 
pregnancy (NCT04336189, IRB#19–29105).

Case definitions: All patients were primigravidas 
and had no evidence of fetal genetic or structural 
anomalies. FGR cases were identified by estimated 
fetal weight < 10th percentile for gestational age on 
all prenatal ultrasounds throughout pregnancy (up 
to 4 were performed) and birth weight < 10th per
centile for gestational age by Intergrowth-21 birth 
weight standards [43]. PM-FGR cases were compli
cated by both FGR and placental malaria (PM) 
diagnosed by placental histopathology according 
to Rogerson criteria [44]. For determination of PM 
status, full thickness biopsies from each placenta 
were collected within 1 hour of delivery. These 
biopsies were formalin-fixed and paraffin- 
embedded. Sections were stained with Giemsa for 
histopathologic analysis. Full-thickness biopsies 
were obtained from each placenta collected in 
Uganda, preserved as formalin-fixed paraffin- 
embedded blocks, sectioned using a microtome, 
and stained with Giemsa for histopathological ana
lysis. The presence of Plasmodium parasites indi
cated active PM, whereas malaria pigment 
(hemozoin) accumulation in the placental tissue 
was classified as chronic PM [45]. Control cases 
from each cohort were from healthy pregnancies 
with no pregnancy complications and no evidence 
of malaria in pregnancy at any time during the study 
(for Cohort 2). Samples were divided into four 
groups: 1) FGR (no malarial FGR, n = 8), 2) CFGR 

(healthy controls from the US, n = 4), 3) PM-FGR 
(placental malaria-associated FGR, n = 8), and 4) 
CPM-FGR (healthy controls from Uganda, n = 4; 
Figure 1a). Detailed case information is provided 
in Supplemental Table S1.
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Figure 1. Principal component analysis. a. Schematic demonstration of study groups and collection sites. b. Principal component 
analysis including all samples. c. Principal component analysis of FGR and CFGR samples. d. Principal component analysis of PM-FGR 
and CPM-FGR samples e. Principal component analysis of CFGR and CPM-FGR samples f. Principal component analysis of FGR and PM-FGR 
samples.
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Specimen collection

Placental biopsies were collected from the mater
nal side of the placenta within 1 h of delivery. 
Biopsies no larger than 5 × 10 × 10 mm were 
washed with ice-cold PBS three times and placed 
in RNAlater™ (Qiagen, Germantown, MD). After 
a minimum incubation of 24 h in RNAlater at 4°C, 
biopsies were frozen and stored at −80°C. The 
same protocol was followed at both study sites.

DNA extraction

DNA was extracted from placental biopsies using 
the DNeasy Blood & Tissue Kit (Qiagen, 
Germantown, MD) according to the manufac
turer’s standard protocol. Samples were treated 
with RNase for 2 min. Infinite M NanoQuant 
(Tecan, Morrisville, NC) was used to estimate the 
purity and concentration of extracted DNA. The 
A260/A280 ratio for all samples was between 1.75 
and 1.93.

Infinium MethylationEPIC v1 assay

We profiled the global methylation of DNA ali
quots of placental samples. In brief, bisulfate con
version of 1 μg DNA/sample was performed using 
the EZ DNA Methylation-Lightning Kit (Zymo 
Research, Irvine, CA). Bisulfite converted DNA 
was amplified, fragmented, precipitated, resus
pended, and hybridized to Infinium Methylation 
EPIC v1.0 (Illumina, San Diego, CA) arrays fol
lowing the manufacturer’s protocol. Arrays were 
washed to remove any unspecific binding, 
extended and stained primers, and imaged using 
the iScan (Illumina, San Diego, CA) platform.

RNA extraction and qRT-PCR

RNA was extracted from placental biopsies using 
the RNeasy Mini Kit (Qiagen, Germantown, MD) 
according to the manufacturer’s standard protocol. 
Infinite M NanoQuant (Tecan, Morrisville, NC) 
was used to estimate the purity and concentration 
of extracted RNA. The A260/A280 ratio for all 
samples was between 2.11 and 2.19. We converted 
500 ng of purified RNA to cDNA using the qScript 
cDNA synthesis kit (Quantabio, Beverly, MA) and 

performed qRT-PCR using TaqMan primer for 
BMP4 (Hs03676628_s1) mixed with TaqMan 
Universal Master Mix II, no UNG (Life 
Technologies, Quant Studio 6). Reactions were 
carried out for 40 cycles. At least three technical 
replicates were analyzed for all comparisons. The 
expression level of BMP4 was calculated via the 
∆∆CT method. We normalized the expression 
using the mean CT of the housekeeping gene, 
GAPDH (Hs02786624_g1).

Bioinformatic analysis

The raw data obtained from the iScan platform 
was cleaned and preprocessed for data analysis 
using R (version 4.2.1) and minfi package (version 
1.44.0). The quality of the samples was assessed by 
computing detection p-values for all probes. Low- 
quality probes that failed at a detection p-value of 
0.05 in at least 10% of the samples, probes located 
on the sex chromosome (X and Y), probes with 
SNPs at the CpG site, and cross-reactive probes 
were filtered out prior to quantile normalization 
and differential methylation analysis. No samples 
were excluded based on high p-value probes. The 
total number of probes before filtering was 
865,859, whereas the total number of probes after 
filtering was 786,227.

Differential methylation analysis was performed 
by first computing M values, i.e., the log ratios of 
methylated vs. unmethylated signal intensities for 
each probe and limma (version 3.54.2) implemen
ted in the R-package minfi package. Secondly, β- 
values were calculated, representing the total % 
methylation level of each CpG site. We performed 
four pairwise comparisons: 1) FGR vs. CFGR; 2) 
PM-FGR vs. CPM-FGR; 3) CFGR vs. CPM-FGR; 4) 
FGR vs. PM-FGR. In comparisons among groups, 
differentially methylated CpGs (DMCs) were iden
tified based on an unadjusted p-value of <0.0001 
and an absolute average difference in methylation 
(|Δβ|) > 10% (test group vs. control group). Genes 
proximal to DMCs were identified using the 
University of California, Santa Cruz Genome 
Browser [46]. Functional gene ontology (GO) 
enrichment analysis of genes associated with 
DMCs was conducted using the Database for 
Annotation, Visualization, and Integrated 
Discovery (DAVID) [47]. For qRT-PCR, we 
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conducted Mann-Whitney test between pairwise 
comparisons to determine significant differences 
in expression (p < 0.05). Cellular deconvolution 
analysis was conducted using planet (v1.12) pack
age on R [48]. Figures were generated using 
R Studio (v2023.03.0 + 386), GraphPad Prism 
(v10.2.3), and BioRender.

Results

Characteristics of study participants

To search for associations between FGR types and 
methylation patterns in samples from the US and 
Uganda, we selected a total of 24 placentas divided 
into four groups: CFGR (n = 4), CPM-FGR (n = 4). 
FGR (n = 8), and PM-FGR (n = 8). The median 
and interquartile ranges for maternal age, gesta
tional age, birth weight, and Intergrowth-21 birth 
weight percentiles and the percentage of female 
infants are provided in Table 1.

Dimensional reduction analysis

We profiled the methylome of our selected placen
tas using Illumina Infinium MethylationEPIC 
Arrays v1. After applying quality control measures, 
we compared methylation patterns of 786,227 CpG 
sites among FGR, PM-FGR, and respective con
trols, CFGR and CPM-FGR, from the two unique 
geographic locations. Unsupervised principal com
ponent analysis using M-values of all CpG sites 
suggested no overall distinct separation among the 
four groups, suggesting general similarities in glo
bal methylation profiles independent of FGR or 
PM-FGR status (Figure 1b–d). While there were 
some potential differences in methylation profiles 

based on geographical location (Figure 1e), in 
pairwise comparisons between groups, separation 
was most prominent between FGR and PM-FGR 
groups (Figure 1f).

Identification of differentially methylated CpGs

To better characterize differences in methylation 
levels with non-malarial FGR and PM-associated 
FGR, we investigated the differentially methylated 
CpGs using an unadjusted p value cutoff of p <  
0.0001 and a secondary cutoff of at least 10% 
absolute difference in mean methylation (|Δβ| > 
0.10). To confirm the power of the significance 
cutoff in terms of differentiating the groups, unsu
pervised hierarchical clustering was performed 
using β-values of the respective DMCs. As 
expected, our samples clustered based on the 
study group (Supplemental Figure S1, 
Supplemental Data 1).

Differentially methylated CpGs with FGR

We first investigated the influence of non- 
malarial FGR on placental methylation profiles 
in comparison with their respective geographic 
controls. We identified 65 DMCs that were dis
tributed across all autosomal chromosomes except 
for chromosomes 19 and 21 (Figure 2a). Of the 65 
DMCs, 48 were hypomethylated and 17 were 
hypermethylated with non-malarial FGR vs. 
CFGR (Figure 2b). While most of the DMCs were 
located in the body and intergenic regions, 
14 hypomethylated CpGs and 6 hypermethylated 
CpGs were located in the promoter or 1st exon 
region (Figure 2c). Functional enrichment analy
sis through DAVID revealed that the genes 

Table 1. Study group characteristics.

Characteristics
FGR 

(n=8)
CFGR 

(n=4)
PM-FGR 

(n=8)
CPM-FGR 

(n=4)

Maternal age 34.5 
(29.3–37.5)

41.5 
(36.5–42)

19.5 
(17.5–20)

22.8 
(19.5–23)

Gestational age 37.5 
(36.7–38.2)

39.2 
(39.1–39.5)

39.8 
(39.1–41.2)

39.2 
(38.3–40.1)

Birth weight (gr) 2193 
(2004–2355)

3565 
(3048–3768)

2600 
(2510–2843)

2915 
(2885–3470)

Intergrowth-21 birth weight percentile 2.9 
(1.1–5.5)

80.1 
(30.1–87.7)

3.9 
(3.2–5.7)

29.4 
(21.8–76.1)

Infant sex (female) 62.5% 25% 50% 75%

The median and interquartile ranges were provided for maternal age, gestational age, birth weight, and Intergrowth-21 birth weight 
percentiles. Percentage of female infants were provided for infant sex. 
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associated with the 14 hypomethylated CpGs 
located in the promoter or 1st exon region were 
involved in transport, cellular response to stress, 
nephron development, and localization within the 
membrane; in contrast, the 6 hypermethylated 
CpGs were associated with genes involved in 
angiogenesis.

Differentially methylated CpGs with PM-FGR

Next, we investigated the DMCs between PM-FGR 
vs. CPM-FGR, we identified 133 CpGs that were dis
tributed across all autosomal chromosomes with the 
exception of chromosome 9 (Figure 2d). Out of the 
133 DMCs, 82 were hypomethylated and 51 were 

Figure 2. Differentially methylated CpGs (DMCs) observed with non-malarial FGR and placental malaria-associated FGR, and their 
respective controls. a. Manhattan plot of 65 DMCs (p < 0.0001 and |Δβ| > 0.1) between FGR vs. CFGR demonstrated by pink circles. 
b. Volcano plot displaying 48 hypomethylated and 17 were hypermethylated CpGs with FGR vs. CFGR indicated by pink circles. c. Bar 
graph demonstrating the distribution of hypermethylated (dark pink) and hypomethylated (light pink) DMCs with FGR vs. CFGR 

among CpG positions. d. Manhattan plot of 133 DMCs (p < 0.0001 and |Δβ| > 0.1) between PM-FGR vs. CPM-FGR demonstrated by teal 
circles. e. Volcano plot displaying 82 hypomethylated and 51 were hypermethylated CpGs with PM- FGR vs. CPM-FGR indicated by teal 
circles. f. Bar graph demonstrating the distribution of hypermethylated (dark teal) and hypomethylated (light teal) DMCs with PM- 
FGR vs. CPM-FGR among CpG positions.
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hypermethylated with PM-FGR vs. CPM-FGR 

(Figure 2e). While most of the DMCs were located 
in the body and intergenic regions, 12 hypomethy
lated CpGs and 10 hypermethylated CpGs were 
located in the promoter or 1st exon region 
(Figure 2f). Genes associated with the 12 hypomethy
lated CpGs located in the promoter or 1st exon 
region were involved in signaling; the 6 hypermethy
lated CpGs were associated with genes involved in 
cell differentiation, tissue development, and trans
port across the membrane.

Common changes observed with non-malarial 
FGR and PM-FGR

To identify the epigenetic modulations observed 
with both non-malarial and PM-FGR, we investi
gated the overlapping DMCs between FGR vs. 
CFGR and PM-FGR vs. CPM-FGR comparisons. We 
identified only a single CpG, cg16389901, that was 
commonly hypomethylated with both FGR and 
PM-FGR when compared to their respective con
trols (Figure 3a). By comparing trends in methyla
tion patterns among DMCs identified in either 
disease group, we observed distinct patterns 
between non-malarial FGR and PM-FGR 
(Figure 3b–c). The commonly hypomethylated 
CpG site cg16389901 is in the promoter region of 
two splice variants of BMP4, a cell growth-related 
gene known to participate in trophoblast differen
tiation within the placenta [49] (Figure 3d). 
Interestingly, the DNA methylation levels of 
other CpGs associated with BMP4 did not show 
a difference between FGR vs. CFGR or PM-FGR vs. 
CPM-FGR comparisons, suggesting a specific asso
ciation with FGR. To understand the impact of 
differential DNA methylation on the mRNA 
level, we conducted qRT-PCR targeting BMP4. 
The mRNA expression levels of BMP4 did not 
show any significant difference between the four 
study groups (Figure 3e).

Differentially methylated CpGs between FGR vs. 
PM-FGR

We next compared the methylation profiles between 
FGR and PM-FGR. To account for baseline epige
netic differences based on the distinct geographical 

locations of the two cohorts, we compared the 
DMCs between the two control groups (CFGR vs. 
CPM-FGR), showing 183 CpGs that were differentially 
methylated between the two study sites. Of these 183 
DMCs, 7 CpG sites were also identified when com
paring FGR vs. PM-FGR. The exclusion of these 7 
CpGs as potentially affected by population-based 
differences resulted in 522 CpGs that were associated 
with PM status (Figure 4a). The number of DMCs 
identified between FGR vs. PM-FGR was more than 
8-fold than identified between FGR vs. CFGR and 
3-fold between PM-FGR vs. CPM-FGR comparisons, 
highlighting the distinct changes observed with PM. 
The 522 DMCs were distributed across all autosomal 
chromosomes (Figure 4b). Of the 522 DMCs, 143 
were hypermethylated in non-malarial FGR placen
tas and 379 were hypermethylated in PM-FGR pla
centas (Figure 4c). While most of the DMCs were 
located in the body and intergenic regions, 30 hyper
methylated CpGs with FGR and 106 CpGs hyper
methylated with PM-FGR were located in the 
promoter or 1st exon region (Figure 4d). Genes asso
ciated with the 30 hypermethylated CpGs with FGR 
located in the promoter or 1st exon region were 
involved in actin cytoskeleton organization, whereas 
the 106 hypermethylated CpGs with PM-FGR were 
associated with genes involved in multicellular 
organism development, regulation of metabolic pro
cesses, nervous system process, cell differentiation, 
and response to growth factor. In particular, 3 CpG 
sites in the promoter region of ARPC1B and 4 CpG 
sites in the promoter region of ZSCAN23 were 
hypermethylated with FGR. On the other hand, 7 
CpG sites in the promoter region of FAM124B and 4 
CpG sites in the promoter region of SPG7 were 
hypermethylated with PM-FGR.

Identifying the cellular composition of all 
placental samples

Our study used DNA extracted from homogenized 
placental tissue. To understand the cellular compo
sition of each sample, we performed cellular decon
volution analysis based on reference methylation 
data of term placental cells generated by Yuan 
et al. [48] (Figure 5a). The robust partial correlations 
(RPC) method was used to identify the percentages 
of syncytiotrophoblasts, trophoblasts, endothelial 
cells, stromal cells, Hofbauer cells, and nucleated 
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Figure 3. Commonly differentially methylated CpG site with non-malarial FGR and placental malaria-associated FGR. a. Venn diagram 
demonstrating the sole overlapping differentially methylated CpG site, cg16389901, that was commonly hypomethylated with both 
non-malarial and placental malaria- associated FGR when compared to their controls. b. Normalized methylation levels of all samples 
based on their geographically matched control group average of 65 DMCs identified between FGR vs. CFGR c. Normalized 
methylation levels of all samples based on their geographically matched control group average of 133 DMCs identified between PM- 
FGR vs. CPM-FGR d. Average DNA methylation of CpG sites associated with BMP4, including cg16389901 (marked in red), for all four 
groups. Red asterisk indicates significance. E. Gene expression levels of BMP4 measured by qRT-pcr.
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red blood cells (nRBC) based on β-values of the 
most distinguishing CpG sites among these cell 
types. As expected, our placental samples were pre
dicted to be enriched for syncytiotrophoblasts, con
stituting an average of 69.5% of all cells. The next 
most prevalent cell types were stromal cells (13.9%), 
endothelial cells (12.1%), and trophoblasts (3.8%). 
The average abundance of Hofbauer cells and nRBC 
in total was less than 0.6%. We performed unsuper
vised hierarchical clustering to investigate whether 
the cellular composition of samples differed between 
the four study groups (Figure 5b). Overall, the cel
lular composition of samples did not show any clear 
separation between groups (Figure 5b, 
Supplemental Figure S2). However, hierarchical 
clustering of only FGR and PM-FGR samples 
demonstrated a more prominent clustering between 
the two groups (Figure 5c). This separation was 

primarily associated with a significant increase in 
the percentage of syncytiotrophoblasts in PM-FGR 
compared to FGR samples (74.4% vs. 65.5%, respec
tively; p < 0.002). Only a single CpG site overlapped 
with the 522 identified CpGs used for cellular 
deconvolution analysis, indicating that DMCs iden
tified between FGR vs. PM-FGR were unlikely to be 
driven by differences in cellular composition 
(Figure 5d).

Discussion

To our knowledge, this is the first study to inves
tigate methylation profiles in PM. We found that 
placentas from non-malarial FGR and placental 
malaria-associated FGR cases exhibited highly 
divergent methylation profiles. Interestingly, there 
was only a single CpG site, associated with the 

Figure 4. Differentially methylated CpGs (DMCs) observed between non-malarial FGR vs. placental malaria-associated FGR. a. Venn 
diagram demonstrating the 522 DMCs (p < 0.0001 and |Δβ| > 0.1) between FGR vs. PM-FGR after subtracting geographical location- 
driven baseline differences b. Manhattan plot of 522 DMCs between FGR vs. PM-FGR demonstrated by purple circles. c. Volcano plot 
displaying 143 hypermethylated CpGs in FGR and 379 CpGs hypermethylated in PM-FGR indicated by purple circles. d. Bar graph 
demonstrating the distribution of hypermethylated CpGs with FGR (light purple) and hypermethylated with PM-FGR (dark purple) 
among CpG positions.
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promoter region of BMP4, that was commonly 
hypomethylated in placentas associated with both 
non-malarial FGR and PM-FGR. In PM-FGR, 
hypermethylated CpGs were associated with 
genes encoding proteins involved in developmen
tal processes, whereas hypermethylated CpGs in 
FGR were associated with genes encoding proteins 
involved in cytoskeleton organization. Cellular 
deconvolution demonstrated differences in the 
relative abundances of placental cell types between 
placentas associated with non-malarial FGR and 

PM-FGR; however, these differences did not 
explain the distinct methylation profiles of these 
groups. Overall, our results suggest novel epige
netic modifications in response to PM-associated 
FGR compared to those seen with non-malarial 
FGR.

Previous studies investigating placental epige
netic changes related to FGR in populations with
out risk of malaria identified various differentially 
methylated CpG sites in genes encoding proteins 
involved with fatty acid oxidation, transcriptional 

Figure 5. Cellular deconvolution analysis based on overall methylation levels. a. Cell composition of all samples estimated using 
robust partial correlations analysis through planet package in R. b. Hierarchical clustering of all samples based on cellular 
deconvolution results. c. Hierarchical clustering of FGR and PM-FGR samples based on cellular deconvolution analysis. d. Venn 
diagram demonstrating the overlap between CpGs used for cellular deconvolution analysis and differentially methylated CpGs 
between FGR vs. PM-FGR.
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regulation, immune responses, cell adhesion, 
metabolism, and cell growth [33,50–53]. Similar 
to our study, one study from Korea investigating 
the methylation levels of placenta and cord blood 
samples with FGR described changes in methyla
tion profiles of genes encoding proteins involved 
with metabolism and developmental pathways 
[52]. While various studies investigated methyla
tion profiles of placenta, maternal blood or cord 
blood samples from pregnancies complicated with 
fetal growth restriction, there was a lack of overlap 
of differentially methylated CpG sites as well as 
genes related to those DMCs across these studies 
[33,34,50,51,53–56]. Our results revealed unique 
differentially methylated CpG sites and related 
genes compared to the previous FGR-related stu
dies. Differences in results between studies may 
have been due to diverse mechanisms of epigenetic 
modulation other than DNA methylation, such as 
histone modifications or non-coding RNA, as well 
as differences in study populations.

In analyses of placentas, both non-malarial FGR 
and PM-FGR were associated with moderate num
bers of differentially methylated CpGs compared 
to their corresponding controls. Hypermethylated 
CpGs with FGR when compared to their corre
sponding controls were linked to angiogenesis, 
whereas hypermethylated CpGs with PM-FGR 
when compared to their corresponding controls 
were linked to tissue development and transport 
across the membrane. This might be explained by 
the underlying pathophysiology possibly contri
buting to the development of FGR in the two 
distinct scenarios, where disrupted angiogenesis 
could be the main trigger in non-malarial FGR, 
whereas in PM-FGR the initial stressor might be 
the impairment of nutrient and waste transfer 
across the mother and the fetus as a result of 
iRBC sequestration and destruction of the STB 
layer due to inflammation. The comparison of 
non-malarial FGR vs. PM-FGR resulted in hyper
methylation of CpGs in PM-FGR which were asso
ciated with genes encoding proteins involved in 
developmental processes including nervous sys
tem-related processes. These changes in the pla
cental methylation profiles could possibly explain 
the poor neonatal neurodevelopmental outcomes 
observed with placental malaria previously shown 
with clinical studies; however, larger studies are 

needed to confirm these findings [2,12]. The dif
ferences in observed placental methylation profiles 
with PM between the two FGR groups could be 
a result of the inflammatory response at the mater
nal fetal interface against the P. falciparum- 
infected red blood cells as well as hemozoin pig
ment since it is well known that environmental 
exposures trigger epigenetic changes [57,58].

Interestingly, a single CpG site was commonly 
hypomethylated with both non-malarial FGR and 
PM-FGR – cg16389901. This site is located 
200–1500 bases upstream of the transcription start 
site of the BMP4 gene. BMP4 is a well-studied 
growth-associated protein that also plays an impor
tant role in trophoblast differentiation [49,59]. The 
Korean study also described the hypermethylation 
of genes encoding proteins involved in the negative 
regulation of the BMP signaling pathway, which 
aligns with our results [52]. Hypomethylation of 
BMP4, resulting in increased expression, may be 
a common compensatory mechanism in the pla
centa to counteract other functional changes that 
lead to inhibited fetal growth. In our placental sam
ples, the mRNA levels of BMP4 did not show any 
significant difference between our study groups. 
This could suggest that the hypomethylation of 
BMP4 with both non-malarial FGR and PM-FGR 
is a compensatory response to normalize the 
mRNA levels in the setting of other mechanisms 
that may result in reduced expression of this pro
tein (e.g., histone modifications and posttransla
tional modifications).

Hypermethylated CpG sites in placentas from 
non-malarial FGR compared to PM-associated 
FGR included CpGs located at the promoter 
regions of ARPC1B and ZSCAN23. Homozygous 
mutations in the ARPC1B gene have been asso
ciated with disruptions in the immune system 
[60]. Promoter region hypermethylation of 
ZSCAN23 has been associated with the accelera
tion of pancreatic cancer growth [61]. Conversely, 
hypermethylated CpG sites in placentas from PM- 
associated compared to non-malarial FGR 
included CpGs located in the promoter regions 
of FAM124B and SPG7. FAM124B has been pro
posed to be an important protein involved in 
neurodevelopmental disorders, while SPG7 muta
tions have been linked to spastic paraplegia and 
cerebellar ataxia [62,63]. Further, follow-up studies 

EPIGENETICS 11



on offspring are needed to investigate long-term 
outcomes associated with non-malarial FGR vs. 
PM-associated FGR and to understand whether 
these outcomes are mediated by epigenetic 
mechanisms.

Cellular deconvolution analysis revealed the 
dominance of syncytiotrophoblasts, which were 
present in significantly higher proportions in PM- 
associated FGR samples. Differences in the pro
portion of syncytiotrophoblasts may be associated 
with a classic pathological finding of syncytial knot 
formation commonly observed with PM, which is 
thought to be a response to inflammatory damage 
associated with infected RBCs in the intervillous 
spaces [64]. Despite the differences in cellular 
composition, the differentially methylated CpGs 
were distinct from those associated with specific 
cell types. In contrast, a study that conducted the 
same deconvolution analysis on placentas from 
monochorionic twins with selective FGR found 
decreased proportions of stromal cells in the twin 
with FGR compared to the normally grown twin 
[50]. This suggests that placental cellular composi
tion may change in different etiologies of FGR. 
Future studies specifically investigating changes 
in cellular compositions in different disease states 
and their respective methylation profiles are 
needed to fully dissect the epigenetic impacts on 
different cell populations.

Our study has some limitations. First, we had 
a small sample size, and larger studies are needed 
to confirm our findings. Second, study groups had 
differences in terms of maternal age, reflecting the 
distinct demographic profiles of the populations 
served at the two hospitals, which might have an 
influence on their epigenetic profiles. Third, due to 
the homogenization of placental tissue, we were 
unable to distinguish between the origins of dif
ferent cell types, particularly maternal and fetal 
immune cells. Future studies specifically investi
gating changes in cellular compositions in differ
ent disease states and their respective methylation 
profiles are needed to fully dissect the epigenetic 
impacts on different cell populations. Fourth, due 
to the high prevalence of malaria in pregnancy at 
our study site in Uganda, we did not identify any 
FGR cases from Uganda without evidence of 
malaria infection during pregnancy; these cases 
would provide a more direct comparison between 

non-malarial and PM-associated FGR in an 
African population. Finally, we focused on methy
lation profiles detected by a targeted methylation 
array, rather than whole-genome bisulfide sequen
cing, which may identify additional differentially 
methylated CpGs. Further studies investigating 
other types of epigenetic mechanisms such as his
tone modifications or assessment of open chroma
tin regions would provide deeper insight into 
epigenetic changes occurring with non-malarial 
and PM-associated FGR. Additional transcrip
tomic and proteomic analysis of similar cohorts 
would also reveal insight into downstream effects 
of epigenetic modifications. With the help of lar
ger studies conducted on diverse populations, 
commonly identified markers could be leveraged 
as biomarkers for identification of at-risk pregnan
cies, or as potential therapeutic targets to mitigate 
the clinical sequelae of FGR. On the other hand, 
independent of FGR status, the investigation of the 
overall changes occurring in the placental epige
netic profiles of pregnancies complicated with PM 
would also further enhance knowledge in epige
netic responses to placental infections.

This is the first study, to our knowledge, 
comparing the methylation profiles of malarial 
and non-malarial FGR in the placenta. Other 
strengths of our study include detailed charac
terizations of the pregnancies, allowing for the 
selection of appropriate controls for each popu
lation. We only included primigravid patients 
to avoid confounding from gravidity-induced 
differences in methylation profiles; however, 
our findings should be carefully interpreted 
since these might not reflect the methylation 
profiles of multigravida. Finally, placental biop
sies from both sites were collected and pro
cessed with the same protocol, allowing for 
comparison between the different patient 
populations.

The significant differences that we found in 
DMCs in non-malarial and PM-associated FGR, 
even after controlling for geographic location, sug
gest distinct pathways of epigenetic reprogram
ming in the setting of FGR with or without PM. 
The independent and combined impacts of placen
tal malaria and placental epigenetics may have 
potential implications for long-term health in the 
offspring.
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