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Abstract

Rapid changes in the global climate are deepening existing health disparities from resource scarcity and malnutrition. Rising ambient
temperatures represent an imminent risk to pregnant women and infants. Both maternal malnutrition and heat stress during preg-
nancy contribute to poor fetal growth, the leading cause of diminished child development in low-resource settings. However, studies
explicitly examining interactions between these two important environmental factors are lacking. We leveraged maternal and neona-
tal anthropometry data from a randomized controlled trial focused on improving preconception maternal nutrition (Women First
Preconception Nutrition trial) conducted in Thatta, Pakistan, where both nutritional deficits and heat stress are prevalent. Multiple
linear regression of ambient temperature and neonatal anthropometry at birth (n = 459) showed a negative association between daily
maximal temperatures in the first trimester and Z-scores of birth length and head circumference. Placental mRNA-sequencing and
protein analysis showed transcriptomic changes in protein translation, ribosomal proteins, and mTORC1 signaling components in
term placenta exposed to excessive heat in the first trimester. Targeted metabolomic analysis indicated ambient temperature asso-
ciated alterations in maternal circulation with decreases in choline concentrations. Notably, negative impacts of heat on birth length
were in part mitigated in women randomized to comprehensive maternal nutritional supplementation before pregnancy suggesting
potential interactions between heat stress and nutritional status of the mother. Collectively, the findings bridge critical gaps in our
current understanding of how maternal nutrition may provide resilience against adverse effects of heat stress in pregnancy.
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Significance Statement:

In a resource-limited setting, exposure to excessive ambient heat in early pregnancy is associated with lower length and head
circumference at birth. These changes are associated with alterations in placental gene expression and metabolite levels in the
mother. Improving maternal nutritional status through supplementation early in pregnancy may promote resilience against some
of the effects of heat stress.

Introduction
A confluence of the ongoing epidemics of malnutrition and cli-
mate change is occurring at an unprecedented pace (1). Climate
impacts on human health occur through a number of sectors,
many closely aligned with food systems and human nutrition
(2, 3). Despite this, few studies have examined interactions
between environmental health effects and nutritional deficits.
Emerging evidence provide strong support linking multiple
climate-sensitive health outcomes (viz. heat exposure, air qual-
ity) to detrimental outcomes in pregnancy (4). Notably, existing
health and health-care disparities and poor resilience to a chang-
ing environment place women and young children with nutri-

tional deficits in resource-limited settings at particularly high risk
(3, 5, 6). Thus, studies examining the nexus of nutrition and cli-
mate effects in pregnancy are acutely needed.

Extreme heat affecting human health is not only a future risk
but has contemporary ongoing impacts globally. Exposure to in-
creasing heat and extreme heat events are hallmarks of climate
change (7). Higher average air temperatures lead to more frequent
periods of extremely hot weather. These events are becoming
more frequent and perhaps regular features in many parts of the
world (8). Climate models indicate that even if the aggressive goals
of limiting global average temperature increases to 1.5◦C are met,
the frequency and duration of extreme heat events are still likely
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Fig. 1. Schematic showing study design and outcomes. (A) Geographical region where the Women First Study was conducted in Thatta, Sindh (red
marker, in southeastern Pakistan). (B) Exemplar plots of daily maximum air temperatures retrieved for the study period from local weather stations.
(C) Design of the Women First Preconception Nutrition trial that included randomization of nonpregnant women to one of three arms. Arms 1 and 2
received a comprehensive nutritional supplementation, which included a small-quantity lipid-based nutritional supplement and additional calories
from either minimum 3 months preconception or from 12 wk of pregnancy until birth. Women in Arm 3 served as unsupplemented controls. (D)
Analysis strategy describing linear regression analysis of heat exposure variables derived from maximal daily temperature against infant birth
outcome variables (gestational-age adjusted Z-scores of birth weight, birth length, and head circumference).

to increase (3). Children born in 2020 are estimated to experience
two to seven-fold increased risk of extreme weather events, rela-
tive to those born in 1960, underscoring the systemically greater
risk to heat waves among other events (9). At current warming
of 1.2◦C since preindustrial levels, extreme heat events have be-
come increasingly common, with projections suggesting high like-
lihoods of record-breaking week-long heat events in the next 60 y
under high-emission scenarios (10). Recent unprecedented heat
waves in March to May of 2022 in the South Asian subcontinent
are consistent with such projections and attributable to climate
change based on work from the World Weather Attribution Initia-
tive. Over 1 billion people in India and Pakistan were potentially
exposed to ambient temperatures over >40◦C over several weeks,
with recorded temperatures reaching 50◦C (120◦F) in Jacobabad,
Pakistan.

Effects of extreme heat also ripple through other sectors such
as decreasing crop yields and nutrient quality of staple foods,
affecting food systems, and increasing the risk of fires impact-
ing air quality. Thus, a large proportion of the world’s population
is at immediate risk for both acute and downstream effects of
heat related health effects (4). Typically, children under the age
of 5 y, adults > 65, and those with pre-existing health conditions
are considered most vulnerable to the effects of high tempera-
tures. However, accumulating evidence suggests that maternal
and child health outcomes are adversely affected by heat expo-
sure (4, 6, 11). Moreover, in animal models prolonged heat expo-
sure in pregnancy results in decreased food intake, increased fetal
growth retardation, placental insufficiency, impaired gut barrier
function, and inflammation (12–14). However, only a few studies
to date have examined the influence of heat stress (HS) on pla-
cental function and fetal health in humans (15–17).

In the present study, we examined associations between am-
bient temperature during pregnancy trimesters and birth anthro-
pometry of infants in a resource-limited setting. To this end, we
leveraged data and biospecimens collected as part of a random-
ized controlled efficacy trial of comprehensive nutritional supple-
mentation (Women First Maternal Preconception Nutrition Trial
(WF, clinicaltrials.gov NCT01883193) (18) along with air temper-
ature and other environmental data from meteorological and
satellite-based records (Fig. 1). This analysis focused on one study
site based in Thatta (Sindh province), Pakistan. Thatta is situated
west of the river Indus and is a semi-arid region. Thatta has a
subtropical climate and experiences very hot summers and cold
winters. Temperatures frequently rise above 46◦C (115◦F) between
May and August. Annual precipitation averages about 7 inches
(180 mm), falling mainly during late summer. Combined with lit-
tle access to air-conditioning or other measures of heat mitiga-
tion, exposure to high temperatures is likely uniform. Women
in this area of rural Pakistan are susceptible to both poor nutri-
tion and seasonal high ambient temperatures (19). High preva-
lence of hypozincemia, anemia, and low to moderate dietary di-
versity is common among women of child-bearing age (20). In-
fants in this region are also prone to low-birth weights or small
for gestational-age and have high likelihood of stunting (21). Thus,
this site provides a unique opportunity to study the double bur-
den of nutrition and heat-related exposures on maternal and
child outcomes. Specifically, we examined if ambient temperature
and excessive heat exposure (temperatures > 39◦C) impact gesta-
tional age-adjusted birth weight, length, and head circumference
measures. Second, we investigated whether ambient temperature
was associated with mRNA and protein expression in the term
placenta linking temperature to fetal growth. Using a combina-
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tion of mRNA-sequencing of 126 placenta samples and pathway-
specific protein analysis, we examined changes in nutrient sens-
ing and unfolded protein response (UPR) pathways known to be
influenced in intrauterine growth restriction (IUGR). We also em-
ployed targeted metabolomic analysis of amino acids and one-
carbon metabolites in maternal blood in association with ambi-
ent temperature. Finally, we evaluated the impact of maternal nu-
tritional supplementation (MNS) on HS-associated effects on in-
trauterine growth. Our results suggest that in the setting of preva-
lent maternal malnutrition, higher ambient temperature in the
first trimester is associated with lower birth length and persistent
transcriptomic changes in the placenta. Importantly, our results
suggest that improving maternal nutritional status may provide
resilience against the effects of HS on fetal growth highlighting the
interactions between nutritional and environmental stressors.

Materials and methods
Study participants and procedures
This study was an ancillary analysis of a randomized controlled
study; the Women First Maternal Preconception Nutrition Trial
(WF, clinicaltrials.gov NCT01883193). The WF trial was a multi-
site randomized trial to determine the efficacy of a comprehen-
sive maternal nutritional supplement (MNS, i.e., micronutrients
plus balanced energy supplement) on birth length and other in-
fant anthropometry outcomes at birth (18). The nutritional sup-
plement consisted of a daily 20 g small quantity-lipid-based nutri-
tional supplement (sqLNS) with 22 micronutrients in amounts ap-
propriate for pregnancy and lactation (Table S3). In addition to the
multiple micronutrients and polyunsaturated lipids (linoleic 4.9 g
and α-linolenic 0.59 g), the composition included dried skimmed
milk, soybean and peanut extract, sugar, maltodextrin stabilizers,
and emulsifiers (Nutriset, Malauney, France). An additional lipid-
based balanced protein/energy supplement (300 kcal/d; 12% calo-
ries from protein and no added micronutrients; Nutriset, Malu-
aney, France) was provided to women with low BMI (≤20) or low
gestational weight gain (18). The trial was conducted in rural or
semi-rural locations in India, Pakistan, Guatemala, and the Demo-
cratic Republic of the Congo and included three arms: Arm 1,
women consumed MNS ≥ 3 mo prior to conception until delivery;
Arm 2, women consumed the same MNS commencing at 12 wk
gestation until delivery; or Arm 3, no MNS was administered, and
women followed local pregnancy standard of care. The trial and
primary outcomes have been previously described in detail (18,
42). The WF study protocol received IRB approval at the Univer-
sity of Colorado and local ethics committees granted approval at
each trial site.

The present analysis focused on a subcohort of mothers from
the Pakistan site for whom ultrasound based gestational age was
available (n = 459). Participants were categorized into three groups
according to season of birth: winter (November to February), sum-
mer (March to June), and rainy (July to October). The study design
is shown in Fig. 1. Maternal height and weight were obtained dur-
ing an in-person study visit by on-site study personnel who were
trained to measure subject anthropometrics using an electronic
scale and adult stadiometer. Preconception weight status was de-
fined as underweight (BMI < 18.5 kg/m2), normal weight (BMI 18.5
to 24.9 kg/m2), overweight (BMI 25 to 29.9 kg/m2), and obese (BMI
> 30 kg/m2). SES indicator score was calculated as a score from 0
to 6, with 6 indicating the highest SES status (42).

Anthropometric measurements
Trained assessment teams measured women and newborns us-
ing standardized equipment and procedures. Maternal height

and weight were measured at enrolment. Newborn anthropom-
etry was measured within 48 h after delivery. Newborn weight
was measured in triplicate using a Seca 334 electronic scale
(seca North America, Chino, CA, USA) and newborn length
was measured using a neonatal stadiometer (Ellard Instru-
mentation Ltd, Monroe, WA, USA). Gestational age was deter-
mined by first-trimester ultrasound using crown-rump length.
For these analyses, we converted birth length, weight, and
head circumference to gestational-age adjusted Z-scores (LGAZ,
WGAZ, and HCGAZ, respectively) based on INTERGROWTH-21st
standards (22).

Derivation of ambient heat and environmental
exposures
Daily relative humidity, mean and maximum air temperature for
the entire study duration were acquired from the closest auto-
mated surface observation systems using the GSODR package (Fig.
S1). GSODR is a set of data mining tools that facilitates finding,
transfer, and formatting of meteorological data (National Centers
for Environmental Information) (62). We calculated the average
daily maximum temperature (avg Tmax) for each infant for three
90-day windows representing each trimester of gestation, referred
to as avg Tmax for trimesters 1, 2, and 3. We also calculated the
number of days in each developmental window when the Tmax

was >39◦C to reflect “HS days.” Based on the distribution of HS
days, we also discretized exposure to “excessive HS” as a categor-
ical variable when the number of HS days was greater than 20
in any given 90-day window. We also derived heat index values
based on average daily temperature and relative humidity levels
(using the Rothfusz equation implemented in the weathermet-
rics R package) (23). Similar to average Tmax for each trimester,
average heat index for each trimester was calculated and used
as the exposure variable. Levels of ambient fine particulate mat-
ter <2.5 μm, (PM2.5 levels) were derived from the Modern-Era Ret-
rospective Analysis and Research and Application version 2 prod-
uct (MERRA-2 analysis. MERRA-2 utilizes satellite- and ground-
based data for atmospheric chemistry to derive aerosol optical
depth of five aerosols including dust, sea salt, sulfate (SO4), black
carbon, and organic carbon levels that contribute to derivation of
PM2.5 levels (μg/m3) (63). Hourly values throughout the globe at
0.5◦ × 0.65◦ (∼55 × 72 km) spatial resolution are available from
1980 onwards. These values were compiled for the Thatta region
(24.75 lat, 67.91 lon) and daily average values were calculated for
the duration of the study (2013 to 2016, Fig. S1).

Placental gene expression analysis
Placental dimensions were obtained after delivery by alignment
of the longest axis of the placenta (length) on a grid and record-
ing the widest point perpendicular to the longest dimension axis
(width). Placental tissue was collected from four representative
locations (1 cm3 each), washed, and immersed into PBS with pro-
tease and phosphatase inhibitors for protein analysis or RNAlater
for gene expression analysis (Thermo Fisher Scientific, Waltham,
MA, USA). Samples were processed according to manufacturer’s
instructions and stored at −80◦C until further analysis. Collec-
tion time and storage temperature were recorded until samples
were shipped to the University of Colorado, Denver, USA. Total
RNA was isolated from villous placenta stored in RNAlater using
a combination of TRI reagent (Molecular Research Center, Cincin-
nati, OH, USA) and RNeasy-mini columns, including on-column
deoxyribonuclease digestion (Qiagen, Germantown, MD, USA) (64,
65). Directional cDNA libraries for mRNA-sequencing were pre-
pared using polyA-mRNA from individual RNA samples using Illu-



4 | PNAS Nexus, 2022, Vol. 2, No. 1

mina TruSeq reagents (64, 65). Detailed methods are described in
Supplementary Materials. Pooled cDNA libraries were sequenced
(150 bp paired reads) using a NovaSeq 6000 instrument (Illumina,
San Diego, CA, USA). Data analysis is described in the statistical
analyses section.

Immunoblotting
Total placental tissue lysates (n = 12 per group for HS and non-
HS controls) were prepared in radio-immunoprecipitation assay
(RIPA) buffer supplemented with 1 mM PMSF, protease and phos-
phatase inhibitor cocktails (Halt inhibitors Detailed procedures
are included in supplementary materials. Immunoblotting was
carried out using the ProteinSimple Wes electrophoresis sys-
tem (bio-techne, Minneapolis, MN, USA). Samples were probed
with antibodies specific for phospho-EIF2α, total EIF2α, phospho
p70-S6K, total p70-S6K, phospho 4EBP-1, total 4EBP-1, phospho-
AMPK and total AMPK and vinculin (1:1000 dilution, all antibod-
ies were procured from Cell Signaling Technologies Inc., Dan-
vers, MA, USA). Proteins were visualized using labeled rabbit
secondary antibodies and quantitated using the Compass soft-
ware (ProteinSimple). For each lane, densitometric value for each
protein was normalized to the value of vinculin control. Data
were expressed as ratio of phosphorylated to total levels of each
protein.

Blood metabolite analysis using dried blood spot
cards
Nonfasting blood samples were collected by venipuncture at
34 wk gestation (n = 131). Approximately 0.5 mL of whole blood
was applied to a Whatman 903 protein saver dried blood spot
(DBS) card (GE Healthcare Life Sciences). DBS cards were then
stored at −20◦C with desiccant packs and humidity indicator
cards. A targeted quantitative one-carbon and amino acid analy-
sis panel was performed using LC–MS/MS at the Southeast Center
for Integrated Metabolomics (24). The standard panel consisted
of 36 amino acids, methylated amino acids, and 1C metabolites.
Detailed analytical methods are described in Supplementary Ma-
terials. Metabolite concentrations were calculated by comparing
these peak area ratios to standard curves prepared using authen-
tic standards.

Statistical analysis
All statistical analyses were conducted in R statistical software
(v4.1). Data are expressed as mean ± SD for descriptive anal-
ysis of the cohort. Statistical comparisons of descriptive char-
acteristics based on season of birth were performed using one-
way ANOVA or chi-squared testing. Continuous outcome vari-
ables including LGAZ, WGAZ, and HCGAZ were adjusted using
INTERGROWTH-21st standards (22). Normality of distributions of
the outcome variables were confirmed using the Shapiro–Wilk
test. Outliers were identified as values outside 1.5 times the in-
terquartile range (1.5× IQR). Exposure variables included sea-
son of birth, average maximal daily temperature (Tmax) for each
trimester, number of days with Tmax > 39◦C in each trimester,
categorical exposure to excess HS (defined as over 20 days with
Tmax > 39◦C), and heat index values. Associations between season
or temperature exposure variables and outcomes were assessed
using multiple linear regression. Models were adjusted for re-
cruitment site cluster (model 1); cluster, maternal age, and parity
(model 2); or model 2 covariates plus infant sex, mode of delivery,
MNS treatment arm, and maternal weight gain between 12 and
32 wk of pregnancy (model 3). Finally, model 4 included model 3

plus relative humidity and PM2.5 as covariates in association anal-
ysis between average maximal daily temperature (Tmax) for each
trimester and birth outcomes. Model parameters (β-coefficient,
95% CI and P-values) were derived using the parameters package.
A nominal P-value of P < 0.016 was considered statistically sig-
nificant based on a conservative Bonferroni correction for three
outcomes (P < 0.05/3 = 0.016). To examine the modification of HS
effects in the first trimester on LGAZ, WGAZ, and HCGAZ multi-
ple linear regression was performed including supplementation
status as an independent variable along with excess HS and other
covariates (cluster, maternal age, parity, infant sex, mode of de-
livery, and gestational weight gain). Additional models were per-
formed on data stratified by nutrition supplementation arm. Arms
2 and 3 were designated as nonsupplemented groups (as interven-
tion in Arm 2 began after week 12 of pregnancy), while arm 1 was
supplemented with comprehensive nutrition prior to conception
and the first trimester. In addition, to compare groups with similar
sample sizes, linear regression of birth outcomes was performed
with excess HS and all nutritional intervention arms separately
along with above mentioned covariates. For visual representation
in violin plots excessive HS vs. control groups were compared via
Wilcoxon test using the ggpubr package.

RNA-seq data analysis
Following sequencing and demultiplexing, reads were trimmed
for adapters and filtered based on quality score using Fastp as
previously described (64, 65). Raw and processed data are avail-
able at the Gene Expression Omnibus repository as GSE220877.
High quality reads were aligned to the human genome (hg19) us-
ing STAR with default settings. Resulting read alignments for each
sample were imported in Seqmonk for transcript level quantifi-
cation as counts mapping to annotated genes. Correlations be-
tween PCs and T1–Tmax was done using the corrplot package. Vol-
cano plots showing all DEGs, dotcharts for top DEGs and PCA
plots were created in R. Absolute counts mapping to genes were
imported into R and analysis of differential expression between
groups was done using the limma-voom pipeline that includes
steps for preprocessing, linear modeling, and differential expres-
sion analysis (66). Genes with expression below 0.5 cpm (counts
per million mapped reads) were excluded from further analysis.
DEGs between HS and non-HS controls in the first trimester were
identified using functions in the limma package (66) with an FDR
P-value < 0.05 and a minimum fold change ± 1.4 fold. Models
were adjusted for batch of library preparation, sex of the placenta,
and MNS treatment. Sex-stratified analysis was carried out sepa-
rately to examine effects of excess HS in male and female pla-
centa separately. Venn lists were created using the JVenn plugin.
Interpretive analysis of DEGs for enrichment of gene ontology (GO)
terms, pathway, and upstream regulator analysis was done using
Enrichr and IPA software (67). Barplots representing top enriched
GO terms were made using the barplot function using results from
Enrichr analysis. Normalized gene expression values for specific
gene sets (ribosomal RPL/RPS genes and those involved in UPR)
were extracted from normalized data and plotted using the gg-
pubr package.

Placental protein expression analysis
Levels of phosphorylated p70-S6K, EIF2a, 4EB-P1, and AMPK were
expressed as relative ratios against respective total proteins. Log-
transformed data was employed to compare groups via Student’s
t-test.
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Table 1. Associations between season of birth and neonatal anthropometric outcomes.

Outcome Exposure β SE CI (low) CI (high) P-value

Season of birth
LGAZ Summer 0.3542 0.1236 0.1112 0.5971 0.0043
LGAZ Rainy 0.4715 0.1191 0.2373 0.7056 0.0000
WGAZ Summer 0.1802 0.1091 − 0.0343 0.3948 0.0994
WGAZ Rainy 0.1232 0.1053 − 0.0837 0.3303 0.2426
HCGAZ Summer 0.3502 0.1259 0.1026 0.5978 0.0056
HCGAZ Rainy 0.2799 0.1212 0.0415 0.5183 0.0214

Multiple linear regression models for each birth outcome were assessed independently. Models were adjusted for maternal age, parity, and recruitment cluster.
Births in winter were the reference class.
Abbreviations: LGAZ, length-for-age Z-score; WGAZ, weight-for-age Z-score; and HCGAZ, head circumference-for-age Z-score.

Fig. 2. Seasonal impacts on neonatal birth outcomes. Violin plots
showing neonatal (A) LGAZ, (B) WGAZ, and (C) HCGAZ measured within
48 h of birth. Anthropometric measures were adjusted using the
INTERGROWTH 21st standards. Infants were categorized into seasons
based on month of birth. Nov to Feb is winter (n = 149), Mar to June is
summer (n = 143), and July to October is rainy season (n = 163),
respectively. LGAZ, length-for-age Z-score; WGAZ, weight-for-age
Z-score; and HCGAZ, head circumference-for-age Z-score. Groups were
compared via one-way ANOVA followed by post-hoc comparisons using
Tukey HSD. Results of covariate-adjusted linear regression models are
presented in tables.

Metabolomic data analysis
Metabolite concentrations were derived from absolute standards
and expressed as μg/ml in blood. Metabolites with missing con-
centration measurements for >10% of samples were removed
from further analysis. Metabolite concentrations were converted
to log-transformed normalized values (Z-scores). Statistical out-
liers were defined as 1.5× the IQR below or above the first or third
quartiles, respectively. Seven metabolites (carnitine, deoxycarni-
tine, glutamate, glycine, homocysteine, leucine, and methionine
sulfoxide) had missingness > 10% and were removed from fur-
ther analysis. PCs analysis for metabolites was done using the
FactoMineR and factoextra packages. Associations between aver-
age daily maximal temperature (Tmax) in the first trimester and
metabolite concentrations at 34 wk of pregnancy were assessed
via linear regression. Models were adjusted for recruitment site
cluster and nutrient supplementation Arm. False-discovery rate
adjusted P-values were calculated to account for multiple hypoth-
esis testing. Metabolites that were significantly associated with
ambient temperature (FDR adjusted P-value < 0.1) were used for
metabolite overrepresentation analysis using MetaboAnalyst (68).
Scatter plots of select metabolites and ambient temperature were
generated using the ggpubr package.

Results
Cohort characteristics
This analysis included data from 459 women and their neonates
studied between December 2013 and September 2016. The av-
erage maternal age at enrolment was 23.6 ± 4.1 y and BMI was
19.7 ± 2.9 kg/m2. Based on the season in which delivery of the
neonate occurred, sample sizes were 149 mother-infant pairs in
winter (November to February), 143 in summer (March to June),
and 167 in the rainy season (July to October) (Table S1). Maternal
age, weight, height, BMI, mode of delivery, hemoglobin concen-
trations, socio-economic status (SES), food insecurity, study arm,
compliance of supplement use, and infant sex distribution did
not significantly differ by season of birth. Only parity was signif-
icantly different between seasons, with participants giving birth
in November to February (season 1) showing lowest percentage of
nulliparous mothers (21.2%) and season 3 showing highest per-
centage (39.1%). Distribution of participants by treatment arms
and composition of the nutritional supplement are presented in
Tables S2 and S3, respectively.

Season of birth impacts birth length and head
circumference
Neonatal outcomes of birth weight, length, and head circumfer-
ence were converted to gestational-age-appropriate Z-scores us-
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ing the INTERGROWTH-21st standards (22) (referred to as WGAZ,
LGAZ, and HCGAZ). Linear regression of these outcomes against
season of birth and adjusting for covariates showed strong asso-
ciations for LGAZ and HCGAZ (Table 1). Being born in the winter
was associated with smaller birth length compared to summer (β
= 0.35, 95% CI = 0.11 to 0.59, P = 0.004) and rainy season (β =
0.47, 95% CI = 0.23 to 0.70, P < 0.001). Likewise, infants born in
the winter showed lower HCGAZ compared to summer (β = 0.35,
95% CI = 0.10 to 0.59, P = 0.005), and rainy season (β = 0.27, 95%
CI = 0.04 to 0.51, P = 0.02) (Table 1, Fig. 2). Neonatal WGAZ was
not significantly associated with season of birth.

HS detrimentally impacts intrauterine growth
We evaluated associations between recorded ambient tempera-
ture in defined developmental windows and birth outcomes. Pro-
files of maximal daily temperature, relative humidity, heat index,
and PM2.5 levels over the year are shown in Fig. S1. Infants born
in the winter had an average of 35.4 days with Tmax > 39◦C in
the first trimester (90-day window), distinctly more (P < 2.2e−16)
than infants born in the other seasons reflecting strong heat ex-
posure in the first trimester of development (Fig. S2). Linear re-
gression models examining associations between heat exposure
and outcome variables (LGAZ, WGAZ, and HCGAZ) were adjusted
for important covariates that included geographical cluster, ma-
ternal age, parity, infant sex, mode of delivery, maternal weight
gain during pregnancy, nutritional intervention, relative humid-
ity, and levels of fine particulate matter (PM2.5). Heat exposure
variables included three metrics: (1) average maximal daily tem-
perature (Tmax) in each trimester; (2) the number of days when
Tmax > 39◦C; and (3) exposure to excessive HS in a trimester. Exces-
sive HS was categorically defined as >20 days with Tmax > 39◦C in
a given trimester. Linear regression models showed a strong neg-
ative association between Tmax in the first trimester and LGAZ,
which remained significant in the fully adjusted model adjusted
for cluster, maternal age, parity, infant sex, mode of delivery, ges-
tational weight gain, and nutritional intervention (model 3, β =
−0.039, 95% CI = −0.06, −0.01, P = 0.0001, Table S4, Fig. 3A). Simi-
lar negative associations were also observed with HCGAZ and first
trimester Tmax (β = −0.029, 95% CI = −0.05,−0.008, P = 0.005, Table
S4, Fig. 3C). For each 5◦C increase in the Tmax in the first trimester,
LGAZ decreased by 0.19 Z-scores and HCGAZ decreased by 0.14
Z-scores. Ambient temperature in the second trimester was not
associated with LGAZ, WGAZ, or HCGAZ. However, Tmax in the
third trimester was positively associated with LGAZ, albeit with
smaller magnitude (β = 0.03, 95% CI = 0.009, 0.05, P = 0.005, Table
S4). We also examined if relative humidity and PM2.5 levels modi-
fied the associations between heat and birth outcomes. Inclusion
of average relative humidity and PM2.5 concentrations did not al-
ter significant associations between Tmax and LGAZ (model 4, β =
−0.039, 95% CI = −0.06, −0.017, P = 0.0004, Table S4). To assess
the cumulative impacts of heat and relative humidity, we calcu-
lated heat index values using the Rothfusz equation (23). Heat in-
dex in the first and second trimesters was negatively associated
with LGAZ and HCGAZ (Table 2). Analysis of severe heat exposure
variables (days > 39◦C and excessive HS) broadly confirmed asso-
ciations with LGAZ. Both the number of days > 39◦C and exposure
to excessive HS in the first trimester were associated with lower
LGAZ (Tables S5 and S6, Fig. 3B). Likewise, number of days > 39◦C
and exposure to excessive HS in the first trimester were also as-
sociated with lower HCGAZ (Tables S5 and S6, Fig. 3D). Overall,
HS during the first trimester was negatively associated with birth
outcomes.

Preconception nutritional supplementation
modifies effects of HS
Poor nutritional status is likely to exacerbate HS-associated
growth retardation. To examine changes in heat-associated ef-
fects with nutritional supplementation, we examined LGAZ,
WGAZ, and HCGAZ at birth by supplementation group. Both Arms
2 and 3 received no MNS during the first trimester (as the supple-
mentation in arm 2 began at the end of the first trimester) and
hence were considered unsupplemented relative to heat exposure
in the first trimester. We focused on excess HS as the exposure
variable (categorically defined as >20 days of Tmax > 39◦C). Mul-
tiple linear regression of excess HS in the first trimester against
birth outcomes (including covariates cluster, maternal age, parity,
infant sex, mode of delivery, and gestational weight gain) showed
a strong effect of heat (β = −0.494; P = 0.0002) but not a significant
interaction with MNS (β = 0.244; P = 0.271). However, in linear re-
gression models stratified by supplementation status, significant
effects of HS on LGAZ and HCGAZ were observed in unsupple-
mented women but not in those provided MNS prior to concep-
tion (Table S7, Fig. S3). To avoid unbalanced sample sizes between
supplemented and unsupplemented groups, we also considered
all intervention arms separately. For LGAZ as the outcome, in-
teraction between excess HS and interventions Arms 2 and 3 did
not reach significance (P = 0.23 and 0.68, respectively). In models
stratified by treatment Arms however, significant negative associ-
ations between LGAZ and heat were observed in Arms 2 and 3, but
not in Arm 1 (Table 3). Consistent with these findings, Wilcoxon
tests show lower LGAZ in neonates from women exposed to HS
in Arms 2 and 3 (no MNS supplementation), but nonsignificant
effects in HS mothers receiving MNS (violin plots, Fig. 4A to C).
For head circumference, effects of HS were comparable across in-
tervention arms (Table 3, Fig. 4G to I), suggesting limited effect
of preconception intervention on HCGAZ when considering simi-
lar sample sizes. Overall, the findings suggest that preconception
nutritional supplementation may mitigate the effects of heat on
birth length.

Early pregnancy heat exposure impacts the
placental gene expression
We utilized mRNA-sequencing to examine placental gene expres-
sion changes associated with excessive HS in the first trimester.
A subsample from the full cohort for which placenta were suc-
cessfully collected were included in this analysis. Characteristics
of this subsample were similar to the full analytical cohort ex-
cept for a significant difference in participants age (22.7 ± 4.1 vs.
23.6 ± 4.1 y, mean ± SD for placental subset and full cohort, re-
spectively, Table S8). Samples were grouped into those exposed
to excess HS or nonexposed controls (n = 29 excessive HS; n = 97
non-HS controls). Classification into the HS vs. non-HS groups was
determined by the number of HS days (days with Tmax > 39◦C) in
the first trimester. A participant was assigned to the excess HS
group when exposed to >20 HS days within the first trimester. Col-
lectively, the RNA-seq analysis included 4.53 billion paired-reads.
Correlation analysis of all principal components (PCs) with first
trimester Tmax showed significant correlation with PC2 (P = 0.0007,
Table S9). PC analysis of all expressed genes showed a significant
effect of early HS along PC2 (Student’s t-test P < 0.05, Fig. 5A).
Identification of differentially expressed genes (DEGs) (adjusted
for placental sex and supplementation arm) revealed that early
HS was associated with altered expression of 995 genes (FDR
P < 0.05; ± 1.4-fold change, Table S9 and Fig. 5B). Top DEGs al-
tered with HS are plotted in Fig. 5C. We utilized Enrichr and In-
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Fig. 3. Association between heat exposure in the first trimester and birth anthropometry. Scatter plots showing association between average daily
maximal temperature (Tmax) in the first trimester and (A) LGAZ and (C) HCGAZ at birth. Tmax values for each participant were calculated using data
from local weather stations. Violin plots (B) LGAZ and (D) HCGAZ in neonates exposed to excess HS during the first trimester. Excessive HS was defined
as >20 days with Tmax over 39◦C in the first trimester. LGAZ, length-for-age Z-score; WGAZ, weight-for-age Z-score; and HCGAZ, head
circumference-for-age Z-score. P-values were derived using Pearsons correlation or Wilcoxon test. Results of covariate-adjusted linear regression
models are presented in tables. Samples sizes were n = 130 and 321 in excess HS and non-HS groups, respectively.

Table 2. Associations between exposure to heat index in pregnancy and infant anthropometric outcomes at birth.

Outcome
Trimester (Heat

index) β (95% CI)a P-value

LGAZ T1—HI − 0.024 (−0.038, −0.009) 0.001
T2—HI − 0.019 (−0.033, −0.005) 0.008
T3—HI 0.018 (0.002, 0.034) 0.021

WGAZ T1—HI − 0.007 (−0.02, 0.005) 0.266
T2—HI − 0.009 (−0.021, 0.003) 0.158
T3—HI 0.005 (−0.007, 0.019) 0.404

HCGAZ T1—HI − 0.020 (−0.035, −0.005) 0.007
T2—HI − 0.017 (−0.032, −0.002) 0.018
T3—HI 0.021 (0.005, 0.037) 0.007

Abbreviations: LGAZ, length-for-age Z-score; WGAZ, weight-for-age Z-score; and HCGAZ, head circumference-for-age Z-score.
Heat index (HI) values were calculated using Rothfusz equation.
aModels were adjusted for cluster of recruitment, maternal age, parity, infant sex, mode of delivery, and maternal weight gain between 12 and 32 wk of pregnancy
and PM2.5 concentrations.

genuity Pathway Analysis (IPA) to functionally interpret DEGs. GO
biological processes enriched among genes decreased with HS in-
cluded those involved in protein targeting to endoplasmic reticu-
lum (ER), protein biosynthesis, SRP-dependent co-translation, and
cytoplasmic translation were highly significantly enriched (adj

P-value = 1.9e−35) (Fig. 5D, Table S10). Among genes increased
with HS, GO terms related to cellular response to growth, vas-
cular transport, and nutrient transport were increased (Fig. 5E,
Table S11). Text mining of the DISEASES resource (enrichment of
Jensen Disease terms) among genes upregulated with HS showed
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Table 3. Associations between excess HS and infant anthropometric outcomes stratified by MNS treatment Arm.

Outcome Arm 1 (MNS supplementation) N = 158
Arm 2 (No MNS supplementation)

N = 154
Arm 3 (No MNS supplementation)

N = 139

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

LGAZ − 0.277 (−0.637, 0.081) 0.12 − 0.667 (−1.040, −0.294) 0.0005 − 0.505 (−0.934, −0.082) 0.01
WGAZ − 0.026 (−0.355, 0.303) 0.87 − 0.378 (−0.739, 0.016) 0.04 − 0.095 (−0.443, 0.253) 0.58
HCGAZ − 0.383 (−0.742, −0.024) 0.03 − 0.391 (−0.789, 0.006) 0.05 − 0.398 (−0.845, −0.048) 0.07

Models were adjusted for cluster, maternal age, parity, infant sex, mode of delivery, and maternal weight gain between 12 and 32 wk of pregnancy. Excessive HS
was defined as >20 days with Tmax over 39◦C in the first trimester. Abbreviations: LGAZ, length-for-age Z-score; WGAZ, weight-for-age Z-score; and HCGAZ, head
circumference-for-age Z-score. Samples sizes in HS and non-HS groups were n = 44 and 114 in Arm 1; n = 48 and 106 in Arm 2; and n = 38 and 101 in Arm 3,
respectively.

Fig. 4. Association between excessive HS and birth anthropometry stratified by MNS. (A to C) LGAZ, (D to F) WGAZ, and (G to I) HCGAZ at birth of
infants born to mothers who were either unsupplemented (Arms 2 and 3) or supplemented (Arm 1) with MNS prior to conception. Excessive HS was
defined as >20 days with Tmax over 39◦C in the first trimester. Samples sizes in HS and non-HS groups were n = 44 and 114 in Arm 1; n = 48 and 106 in
Arm 2; and n = 38 and 101 in Arm 3, respectively. P-values were derived using Wilcoxon test. Results of covariate-adjusted linear regression models are
presented in Table 3.

enrichment of placental insufficiency, pre-eclampsia, and tro-
phoblastic disease (Fig. 5F, Table S12). KEGG pathway analysis
also showed that ribosome pathways were by far the most af-
fected (adj-P = 9.4e−31). Analysis via IPA indicated that EIF2A,
p70S6K, and mTOR signaling were strongly associated with HS
(Fig. 6A). Upstream regulator analysis in IPA showed alterations
in RPL/RPS genes were predicted to be strongly associated with
changes in mTOR complex component Rictor and LARP-1, a crit-
ical regulator of protein translation (Fig. 6B). This included a co-
ordinated reduction in the expression of 43 RPL/RPS family tran-
scripts (Fig. 6C), which are ribosomal proteins with key roles in
ribosome biogenesis and protein translation. mRNA expression of
key regulators of the UPR (ER stress) including XBP1, HSPA5 (BiP),

and ERN1 (Ire1) were significantly upregulated (P < 0.01) follow-
ing HS (Fig. S4). Since gene expression data suggested decreased
mTOR/TORC1 signaling, we examined protein and phosphoryla-
tion status of two key downstream targets of TORC1 signaling,
p70-S6K and 4EBP-1, along with AMPK and EIF2α, which are sensi-
tive to ATP levels and the PERK axis of ER stress, in a subset of pla-
centa samples (n = 12/group). Phosphorylation of 4EBP-1, EIF2α,
and AMPK was not altered significantly, but phosphorylation of
p70S6K was lower in HS placenta (P = 0.07) (Fig. 6D). While the
primary analysis was adjusted for placental sex, we also carried
out sex-stratified analysis of placental gene expression changes
in male and female sexes separately. Sample sizes in the non-HS
controls and HS groups were 56 and 17 in females, and 41 and
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Fig. 5. Placental gene expression changes associated with excessive HS. Global transcriptomic analysis of term villous placentas was conducted using
mRNA-sequencing (n = 126). Data analysis to identify DEGs was done based on excessive HS in the first trimester (n = 29 HS; n = 97 non-HS controls).
Excessive HS was defined as >20 days with Tmax over 39◦C in the first trimester. (A) PCs analysis of all expressed genes shows significant effect based
on HS (PC2, Student’s t-test P < 0.05). (B) Volcano plot showing all DEGs, and (C) dot charts of showing top DEGs affected by HS. GO Biological process
enrichment among (D) downregulated and (E) upregulated DEGs with HS using Enrichr showing highly significant enrichment of protein translation
genes. (F) Enrichment of Jensen disease terms using text mining via Enrichr showing enrichment of placental insufficiency, pre-eclampsia, and
placental disease among upregulated genes.

12 in males, respectively. Despite these relatively small sample
sizes, we observed robust sex differences in the effect of HS com-
pared to non-HS groups in males vs. females. PCA showed signif-
icant separation in male placenta (PC2, t-test P < 0.05) but not
in females. We identified 3075 DEGs with HS in males vs. 565 in
females (unadjusted P < 0.05 and ± 1.4-fold change, Fig. S5, Ta-
bles S13 and S14). Using FDR adjusted P-values (adjusted-P < 0.05
and ± 1.4-fold change), there were 1533 DEGs in males and no
DEGs in females meeting these criteria. We also examined over-
lap between DEGs in male and female placenta (Table S15, Fig.
S5) and identified 283 commonly regulated transcripts. GO biologi-
cal process enrichment for these 283 common genes also showed
strong enrichment of SRP-dependent co-translation, protein tar-
geting to ER and translation as top terms. Complete lists of DEGs
and GO analysis can be found in Table S15. Overall, our findings in-
dicate a consistent effect of first trimester heat exposure on path-
ways regulating protein translation, ribosomal biogenesis, and
ER stress.

Samples for placental transcriptomic analysis included all in-
tervention arms. Hence, all DEGs were adjusted for treatment
arm. We also identified independent effects of MNS treatment on
placental gene expression. Global gene expression profiles as as-
sessed by PCA did not show separation (Fig. S6A and S6B). Compar-
isons of effects between Arms 1 vs. 3 (effect of preconception plus
gestational MNS vs. unsupplemented controls) and Arms 2 vs. 3
(effect of gestational MNS vs. unsupplemented controls) revealed
125 genes and 30 genes, respectively (unadjusted-P-value < 0.05,
and ± 1.4-fold change) suggesting very modest changes (Fig. S6C,

Tables S16 and S17). Only 10 genes were common among both
effects (Table S18). Top DEGs in the preconception MNS treat-
ment included ATP12A, CYP1A1, and TFRC. These genes were en-
riched for immune response pathways including LDL remodeling,
macrophage differentiation, and leukotriene metabolism (Fig. S6
and Table S18).

Early pregnancy temperature and metabolites in
maternal blood
We examined quantitative associations between avg Tmax in the
first trimester and 27 targeted metabolites. Metabolites were mea-
sured in maternal blood samples collected at 34 wk of preg-
nancy. A previous analysis from this cohort showed that while
metabolites levels were broadly influenced by pregnancy, very
few significant changes occurred with MNS treatment (24). PC
analysis of normalized metabolite values did not show broad
separation between HS and non-HS groups (Fig. S7). Linear re-
gression models (adjusting for MNS treatment) showed negative
associations between ambient temperature and choline levels
(Fig. 7A and B; adjusted-P = 4.6e−10) and positive associations
with glutamine, histidine, arginine, methionine, and symmetrical-
dimethylarginine levels (Fig. 7A). Complete results of linear re-
gression are included in Table S19. Ten metabolites with FDR
P-values < 0.1 were included for enrichment analysis using
MetaboAnalyst. These showed overrepresentation of aminoacyl
t-RNA biosynthesis critical in protein translation, glutamine and
glutamate metabolism and arginine biosynthesis (Fig. 7C and
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Fig. 6. Placental gene network and protein expression changes associated with excessive HS. Global transcriptomic analysis of term villous placentas
was conducted using mRNA-sequencing (n = 126). Data analysis to identify DEGs was done based on excessive HS in the first trimester (n = 29 HS;
n = 97 non-HS controls). Excessive HS was defined as >20 days with Tmax over 39◦C in the first trimester. (A) IPA based analysis of DEGs showing
enrichment of mTOR and downstream targets. (B) Upstream regulator analysis showing predicted regulation of RPS and RPL genes via mTOR and
LARP1. (C) mRNA expression of critical RPL and RPS family genes that play critical roles in protein translation showing coordinated downregulation in
HS placenta. (D) Protein expression of pEIF2a, p-70S6K, p-4EBP1, and pAMPK, relative to total levels of respective protein in placental whole cell lysates
(n = 12/group). P-values were derived using Student’s t-test. Complete list of DEGs included in Supplementary Materials.

D). These results indicate that systemic metabolites change in
association with heat exposure may contribute to poor fetal
growth.

Discussion
Climate change represents one of the most pressing threats to
child health globally (25). Given the close interconnectedness of
climate and nutrition, climate shocks have the potential to slow
or even reverse recent gains in improving childhood nutrition and
stunting (2, 26, 27). Approximately 820 million children (over one-
third of children globally) are currently highly exposed to heat-
waves (25). Likewise, the risks for poor pregnancy outcomes asso-
ciated with ambient heat are of imminent importance, as the in-
creasing frequency and intensity of extreme heat exposures con-
tinues unabated (28). Despite wide recognition that ambient heat

exposure will continue to impact health of mothers and neonates,
relatively few studies have examined this issue in the context
of resource-limited settings. In this study, we leveraged maternal
and infant anthropometry data from an area acutely affected by
both HS and chronic malnutrition. The findings bring into sharp
focus the shared impacts of nutritional and environmental stres-
sors on fetal development.

Seasonal changes in pregnancy and birth outcomes are well
documented in many populations (29–31). In the closely stud-
ied setting of rural Gambia, distinct differences in birth weight,
birth length, and subsequent growth, epigenetic alterations and
morbidity have been extensively described and associated with
the season of birth (32–34). In this setting, lower food avail-
ability, greater maternal physical exertion due to seasonal farm
work, and exposure to infectious diseases during the hungry sea-
son contribute to lower gestation weight gain and nutritional
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Fig. 7. Associations between ambient temperature and maternal blood metabolites. Targeted metabolomics was carried out using LC–MS/MS in blood
at 34 wk of pregnancy (n = 131). Multiple linear regression was employed to assess the relationship between metabolite levels and ambient
temperature in the first trimester. (A) Beta-coefficients and 95% CI for metabolites showing significant associations (FDR adjusted P-value < 0.05). (B)
Scatter plots showing relationships between metabolite levels of choline, glutamine, histidine, and symmetrical dimethylarginine. R2 and P-values
derived using Pearson’s correlation. (C and D) Metabolite enrichment analysis and metabolite networks enriched among differentially associated
metabolites. Ten metabolites with FDR adjusted P-values < 0.1 were utilized for metabolite enrichment analysis.

stress-associated growth restriction (31, 33). A recent study from
this setting conducted detailed assessments of ambient HS and
physiologically derived measures of maternal and fetal strain.
The findings documented frequent exposure to extreme HS and
greater odds of fetal strain with increasing heat exposure (15).
Interestingly, detailed analysis of first trimester diet composition
in the Women First study showed high prevalence (>80%) of in-
adequate dietary diversity and intake of vitamin B12, choline, and
folate. However, the analyses did not find seasonal differences
in dietary diversity and energy intake (35). Furthermore, asso-
ciations of ambient temperature with birth length were signif-
icant even after adjusting for maternal gestational weight gain
(a proxy for energy intake in pregnancy) and did not show sea-
sonal differences in birth weight. Thus, in this context, while
further detailed analyses of seasonal environmental, nutritional,
and occupational factors are warranted, high-ambient temper-
ature itself was associated with lower birth length and head
circumference.

A salient feature of our study is the focus on ambient tem-
perature over critical windows of developmental exposure. The
predominant focus of public health interventions in many coun-
tries is mitigating risk during extreme heat waves. While this is
certainly well-justified to prevent deaths and other serious life-
threatening outcomes in high-risk populations, an increasing con-
sensus of studies also points toward detrimental pregnancy and
birth outcomes due to higher temperatures, even in the absence of
extreme heat events (4, 6). These effects, albeit of small size, may
indeed have population level impacts related to greater ambi-
ent temperature. A study employing data from the Massachusetts
Birth Registry including ∼420,000 birth records showed that am-
bient air temperature in several windows before birth was neg-
atively associated with birth weight and significant, albeit small,
increased odds of preterm birth (36). Likewise, a recent analysis
of all live births in Massachusetts showed a negative association
between temperatures and term birth weight (37). Conspicuously
missing from the literature are measures of birth length, which
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represents both a key measure of intrauterine linear growth and
prognostic measure of stunting risk (38). Our findings suggest that
greater ambient temperature in the first trimester negatively im-
pacts birth length, consistent with this developmental window be-
ing critical for linear growth. These findings are consistent with a
recent report from Ethiopia showing that greater temperatures in
the first trimester were positively associated with severe stunt-
ing (39). Findings from the MINIMat Study in Bangladesh also
showed lower birth lengths of infants born in the winter (Novem-
ber to January) and a negative association with higher tempera-
tures in early gestation (8 wk) (40). Overall, in addition to impacts
on birth weight and gestational length, greater temperatures in
early pregnancy may contribute to lower linear growth and risk of
stunting.

The recognition that nutritional status acts as a modifier of sus-
ceptibility to HS is of urgent importance. A large proportion of
the world’s population in heat-vulnerable regions also have en-
demic issues with poor nutrition. This is a particularly pressing
issue in the South Asian subcontinent where women of child-
bearing age and children have systemic deficiencies in multiple
micronutrients and face the double-burden of rising ambient tem-
peratures. In the present context, specific measures of individual-
level nutritional status were also measured in the mothers. Both
underweight (BMI < 18.5; ∼35% at preconception baseline with
mean BMI 19.7) and anemia (72% at baseline) were common in
women (41, 42). During pregnancy, women also had high inci-
dence of hypozincemia (∼65 and 74% showed at 12 and 34 wk
gestation) and low urine iodine/creatinine ratios (40% in the first
trimester) (43). Many studies indicate a collision course of nutri-
tional and climate-related effects on human health. Influence of
climate variability such as alterations in precipitation patterns,
heat waves, and agricultural pests have macro-level impacts on
agricultural and food systems with multiplicative health impacts
(44). These effects are magnified in subsistence communities and
have been projected to impact nutritional well-being of popula-
tions globally. Our findings indicate interactions between effects
of ambient heat and nutritional status of mothers prior to con-
ception. Thus, improving nutritional status of mothers may pro-
vide resilience against heat-associated effects through biologi-
cal mechanisms that still need to be understood. In addition to
other heat mitigation efforts, nutritional improvement of suscep-
tible populations may be deployed as another mode of develop-
ing climate-resilient communities and mitigate risk to pregnant
mothers and their children.

Early pregnancy represents a sensitive window during which
nutritional and environmental influences have profound effects
on fetal development. Evidence primarily from animal models
suggest that poor nutrition and HS may converge on similar phys-
iological processes that contribute to diminished fetal growth
(viz. placental development) (13, 45). Early pregnancy is also a
critical period for establishment of the placenta that is requi-
site for appropriate nutrient transport in later pregnancy and
plays critical roles in long-term developmental programming of
offspring health. In sheep, exposure to high ambient tempera-
ture leads to placental insufficiency and IUGR (13, 46). Growth
restricted offspring also show lower muscle mass, impaired glu-
cose metabolism, and defects in pancreatic development (47–50).
Studies in lactating cows, which are prone to HS due to their rel-
atively small surface area: volume ratio, show increased immune
cell infiltration, and impaired intestinal barrier (51). Likewise, HS
humans and rats have elevated plasma concentrations of proin-
flammatory cytokines (52, 53).

The molecular mechanisms linking high ambient temperature
and diminished growth in humans is much less understood. Re-
sults from a prospective birth cohort in Guangzhou, China showed
lower placental weight and volume with greater exposure to am-
bient temperature (17). The present analyses of placental gene
expression provide a unique view of transcriptional pathways
associated with HS. Notably, a predominant pathway identified
here relates to protein synthesis and translation. HS impacts pro-
teostasis, coordinated by pathways linking ER sensing and trans-
lation. The ER is essential for protein folding and secretion. The
UPR balances new protein synthesis and the folding capacity in
the ER. UPR is mediated by three signaling pathways controlled by
PERK, IRE1α/XBP-1, and ATF6. While these pathways induce adap-
tive responses such as ER expansion and folding, unrestrained
ER stress leads to inflammation and apoptosis. HS activates UPR,
which inhibits heat shock responses via translational inhibition
by eIF2α phosphorylation and XBP1 splicing (54). Activation of
ER stress antagonizes mTORC1 signaling and in the placenta ER
stress is associated with IUGR (55). The mTORC1 complex (one
arm of the mTOR pathway) responds to nutrients and modulates
protein synthesis via influencing assembly of the translational
machinery (56). A newly identified target of mTORC1 La-related
protein (LARP1), regulates a specific class of mRNAs (TOP RNAs)
including ribosomal mRNAs (RPS and RPL genes) (57–59). These
proteins form the 40S and 60S ribosomal subunits critical for pro-
tein translation. Upstream regulator analysis of heat-associated
DEGs in the placenta associated with HS showed high probability
for LARP1-mediated regulation of RPS/RPL proteins. Pathway anal-
ysis also indicated coordinated regulation via EIF2 and mTOR/S6K
pathways. Importantly, diminished mTOR signaling accentuates
heat-induced proteostasis (60) and the UPR inhibits protein syn-
thesis and antagonizes mTORC1 signaling (61). We also observed
induction of multiple arms of UPR (ATF6, IRE1, and PERK) in the
placenta. Thus, mTOR signaling may serve as a hub integrating
nutrient status and response to HS and MNS may mitigate HS
via upregulated mTORC1 signaling. Further studies in controlled
models of hyperthermia are needed to study these mechanisms
in detail in relation to fetal growth.

In addition to its strengths, the present study has some lim-
itations. First, given the retrospective nature of the analysis,
individual-level assessment of HS was unavailable. Prospective
studies are needed to capture both maternal and fetal HS during
pregnancy. We focused on widely used measures of heat exposure
such as maximal daily temperature and heat index. More physi-
ologically based thermal exposure measures such as the Univer-
sal Thermal Climate Index (UTCI) may be more closely linked to
physiological outcomes. However, recent studies have suggested
similar performance of UTCI and wet-bulb globe temperature on
fetal heart rate (15). The present study focused on cumulative
heat exposure over pregnancy trimesters on neonatal outcomes.
The impact of acute heat events in specific pregnancy periods
were not studied. While the study team carefully assured cold-
chain management for biospecimen collection and transport, the
direct impact of ambient temperature on samples post collec-
tion was not systematically studied. This would not impact the
neonatal anthropometric outcomes reported in the paper. While
deep transcriptional phenotyping of placenta provided a num-
ber of potential mechanisms, placental samples were collected at
term. Thus, developmental events in early pregnancy proximate
to the heat exposure that contribute to growth retardation need
to be investigated through other approaches. Finally, despite the
strong associations between heat exposure and poor growth, in-
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dividual responses may differ depending on other unmeasured
variables. Hence, the present study should be considered proof-of-
concept.

In conclusion, we present evidence of diminished intrauterine
growth associated with greater ambient temperature. The find-
ings highlight the impact of environmental HS on birth length and
head circumference and provides additional mechanistic insights
into specific pathways associated with diminished fetal growth.
Most notably, our findings provide support for improving mater-
nal nutrition as a scalable pathway to improve resilience against
HS in austere settings.
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