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Summary

As global warming intensifies, emerging evidence
has demonstrated high ambient temperature during
pregnancy negatively affects maternal physiology
with compromised pregnant outcomes; however, lit-
tle is known about the roles of gut microbiota and
its underlying mechanisms in this process. Here, for
the first time, we explored the potential mechanisms
of gut microbiota involved in the disrupted glycolipid
metabolism via hepatic mitochondrial function. Our
results indicate heat stress (HS) reduces fat and pro-
tein contents and serum levels of insulin and triglyc-
eride (TG), while increases that of non-esterified fatty
acid (NEFA), b-hydroxybutyric acid (B-HBA), crea-
tinine and blood urea nitrogen (BUN) (P < 0.05).
Additionally, HS downregulates both mitochondrial
genes (mtDNA) and nuclear encoding mitochondrial
functional genes with increasing serum levels of
malondialdehyde (MDA) and 8-
hydroxydeoxyguanosine (8-OHdG) (P < 0.05).
Regarding microbial response, HS boosts serum
levels of lipopolysaccharide (LPS) (P < 0.05) and
alters b-diversity (ANOSIM, P < 0.01), increasing the
proportions of Escherichia–Shigella, Acinetobacter

and Klebsiella (q < 0.05), while reducing that of
Ruminiclostridium, Blautia, Lachnospiraceae_
NK4A136_group, Clostridium VadinBB60 and Murib-
aculaceae (q < 0.05). PICRUSt analysis predicts that
HS upregulates 11 KEGG pathways, mainly including
bile secretion and bacterial invasion of epithelial
cells. The collective results suggest that microbial
dysbiosis due to late gestational HS has strong
associations with damaged hepatic mitochondrial
function and disrupted metabolic profiles.

Introduction

Global ambient temperatures are steadily rising, and cli-
mate change-related health problems have soared (Koh,
2016; NOAA, 2020). A growing body of studies has
linked higher ambient temperature with colossal eco-
nomic losses and detrimental health outcomes, including
mortality, morbidity, infectious disease and mental health
(Ma et al., 2015; Yang et al., 2015; Hsiang et al., 2017).
Pregnant women, especially during late gestation, are
much more vulnerable to heat compared with the non-
pregnant since their basal metabolic rate increases by
20–30% to meet the energy requirements of fetal rapid
growth and development (Lof et al., 2005; Strand et al.,
2011). Previous studies have revealed that high ambient
temperature adversely impacts both maternal metabo-
lism and offspring development, including pregnant com-
plications such as preeclampsia and eclampsia (Beltran
et al., 2014; Nasiri et al., 2014), as well as preterm birth,
miscarriage, low birthweight and even teratogenesis
(Strand et al., 2011; Kilinc et al., 2016; Basu et al.,
2017; Zhang et al., 2017).
High ambient temperature easily generates heat stress

(HS), which is reported to be cytotoxic since it can
induce cell oxidative damage and activate programmed
cell apoptosis (Du et al., 2008). As the organelle pro-
duces the most reactive oxygen species (ROS), mito-
chondria bear the brunt of oxidative damage when the
concentration of ROS is too high. Meanwhile, their respi-
ratory chain complex enzymes I (NADH dehydrogenase),
II (succinate dehydrogenase), IV (cytochrome c oxidase)
and V (ATP synthase) are inactivated by ROS, resulting
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in reduced respiratory chain electron transfer, ATP syn-
thesis and cell energy supply (Diebold and Chandel,
2016). Moreover, HS changes the mitochondrial histolog-
ical morphology and internal structure, causing mito-
chondria swelling, cristae rupture and matrix density
reduction (Lu et al., 2017). Mujahed also points out that
HS induces lipid peroxidation and protein denaturation of
muscle mitochondria (Mujahid et al., 2007b). Mitochon-
drial damage induced by HS may be the reason why
cells cannot meet the energy requirements of humans
and animals. Additionally, insufficient energy supply may
lead to disrupted glycolipid metabolism, which is associ-
ated with preterm birth and even stillborn in pregnancy
(Gao et al., 2021; Abrams, 2021).
The mammalian gastrointestinal (GI) tract hosts tril-

lions of microorganisms, which are the same size as
somatic cells but possess more genes and metabolic
pathways (Krautkramer et al., 2020). Accumulating evi-
dence has revealed that gut microbiota plays an essen-
tial role in maintaining the host physiological
homeostasis, regulating host metabolism and promoting
immune system development (Nicholson et al., 2012;
Sommer and B€ackhed, 2013). The previous study has
shown that HS stimulates blood transfer from internal
organs to the skin via gastrointestinal vasoconstriction
and peripheral vasodilation, causing hypoxic stress and
increased permeability of the intestinal epithelium, further
leading to endotoxaemia, inflammation and even organ
damage (Lambert, 2009). However, the HS influence
during pregnancy on the maternal gut microbiota is
rarely reported. Our previous study indicates that late
gestational HS causes profound changes in the gut
microbial composition in a pig model, especially in some
short-chain fatty acids (SCFAs) producing species.
These bacteria subsequently alter the SCFA formation
and nitrogen degradation and further influence the gut
homeostasis and inflammatory response (He et al.,
2019a). Intriguingly, according to the endosymbiotic the-
ory, the mitochondria are considered as the evolutionary
descendant of the bacterial cells (Bajpai et al., 2018).
Also, the mitochondrial respiratory chain retains the bac-
terial characteristic that using fumarate as an alternative
electron acceptor during hypoxia (Sridharan et al.,
2008), which implies the possibility that its function might
be regulated by microbial metabolites. However, as far
as we have known, no study focuses on the potential
mechanisms of gut microbiota involved in the disrupted
glycolipid metabolism during late gestational HS via hep-
atic mitochondrial function.
To this end, we used a mouse as the model in our

study for HS treatment from 12 to 18 days of gestation.
We first observed the changes in both maternal physio-
logical status (temperature, feed intake, water consump-
tion) and metabolic profiles (body composition and

serum metabolic parameters). Afterwards, HS effects on
the mitochondrial function and microbial structure are
investigated by mRNA expressions of liver mitochondrial
functional genes and 16S rRNA gene sequencing
respectively. Finally, the random forest algorithm and
multiple linear regression are used to predict the contri-
bution of potential microbial drivers for mitochondrial
function and metabolic profiles. Taken together, the pre-
sent study as a pioneering work provides evidence high
ambient temperature exposure disrupts glycolipid meta-
bolism and hepatic mitochondrial function in pregnant
mice, which is strongly associated with gut microbial
dysbiosis.

Results

Establishment of HS model

To ensure the pregnant mice were exposed to environ-
mental HS, we firstly explored whether the HS model
was established in this study. Our results showed that
serum levels of heat shock protein 70 (Hsp70),
corticotropin-releasing hormone (CRH), adrenocorti-
cotropic hormone (ACTH) and corticosterone (Fig. S1A–
D; P < 0.001) were all increased due to HS, indicating
that the hypothalamic–pituitary–adrenal (HPA) axis was
activated, and the HS model was established success-
fully.

Rectal temperature, feed intake and water consumption

The rectal temperature increased and tended to increase
owing to HS only at gestational day (GD) 16 (Fig. S2A;
P < 0.0001) and GD17 (Fig. S2A; P < 0.10) respectively.
Unlike rectal temperature, feed intake and water con-
sumption were changed immediately. Feed intake was
reduced immediately when HS treatment was imple-
mented at GD12 (Fig. S2B; P < 0.0001) and then it
increased at GD13-15, but still lower than that of the
thermoneutral (TN) group until GD16 (Fig. S2B;
P < 0.0001). Water consumption increased suddenly
when HS treatment was operated at GD12, and this dif-
ference persisted until delivery (Fig. S2C; P < 0.05).
Moreover, an interaction between HS treatment and the
pregnancy was found in all three parameters (P < 0.05).

Body weight, body composition and visceral index

As regards body weight, there was an interaction
between HS treatment and the pregnancy (Fig. 1A;
P < 0.01), although no significant difference was
observed in the two groups. Body weight increased at
neither GD12-13 nor GD15-16 owing to HS, indicating
HS treatment suppressed body weight gain during the
pregnancy. Further, the declined serum insulin-like
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growth factor-1 (IGF-1) level also supported the suppres-
sive growth in the HS group (Fig. 1B; P < 0.05). Addi-
tionally, HS decreased and tended to reduce the
carcass fat and protein content respectively (Fig. 1C;
P < 0.05). Especially, the visceral index of abdominal fat
was reduced notably due to HS (Fig. 1D; Table S1;
P < 0.01).

Serum metabolic parameters

Serum metabolism was affected as shown in Table 1.
As regards carbohydrate, HS reduced insulin level
(P < 0.001), while increased that of glucagon (P < 0.05).
Regarding lipid, HS decreased triglyceride (TG) level
(P < 0.01), while elevated that of non-esterified fatty acid
(NEFA) (P < 0.001) and b-hydroxybutyric acid (B-HBA)
(P < 0.01). Concerning protein, blood urea nitrogen
(BUN) (P < 0.01) and creatinine (P < 0.001) levels were
increased due to HS. Additionally, the concentrations of
malondialdehyde (MDA) (P < 0.001) and 8-hydroxy-2
deoxyguanosine (8-OHdG) (P < 0.05) were also ele-
vated owing to HS. Our results showed that HS stimu-
lated negative energy balance (NEB) and oxidative
damage of pregnant mice, leading to intensified catabo-
lism of fat and protein.

Hepatic mRNA changes related to mitochondrial function

The mRNA expressions of 10 out of 13 mitochondrial
genes (mtDNA) encoded genes involved in oxidative
phosphorylation (OxPhos) were downregulated due to

HS (Fig. 2A; P < 0.05). Additionally, nuclear-encoded
genes involved in mitochondrial biogenesis, thermogene-
sis, fatty acid b-oxidation and tricarboxylic acid cycle
(TCA) cycle were also decreased (Fig. 2B; P < 0.05),
such as mitochondrial transcription factor A (TFAM),
uncoupling protein 2 (UCP2), carnitine palmitoyltrans-
ferase 1a (CPT-1a) and citrate synthase (CS). Our
results suggested that late gestational HS declined
mRNA expressions of hepatic mitochondrial functional
genes, thus affecting the OxPhos and substrate oxida-
tion efficiency.

Fig. 1. Effects of HS during late gestation on the body weight (A–B) and body composition (C–D) of pregnant mice. The data are presented as
the mean � SEM. Asterisks (#, *, ****) mean the tendency or significant difference between TN and HS groups (P < 0.10, P < 0.05,
P < 0.0001). HS, heat stress; IGF-1, insulin-like growth factor-1; TN, thermoneutral.

Table 1. Effects of HS during late gestation on serum metabolic
parameters of pregnant mice.

Item Treatments
P-valueTN HS

n 10 8 �
Glucose, mM 5.06 � 0.40 4.25 � 0.34 NS
Insulin, mIU l-1 36.59 � 1.26 24.94 � 1.41 <0.001
Glucagon, ng l-1 146.37 � 8.61 182.15 � 10.95 <0.05
Cholesterol, mM 1.90 � 0.10 1.61 � 0.14 NS
Triglyceride, mM 2.07 � 0.13 1.36 � 0.13 <0.01
HDL, mM 0.67 � 0.06 0.64 � 0.07 NS
LDL, mM 0.42 � 0.04 0.39 � 0.02 NS
NEFA, lM 534.98 � 24.54 714.23 � 16.98 <0.001
B-HBA, lM 281.30 � 14.71 405.43 � 27.86 <0.01
Creatinine, lM 121.99 � 5.70 183.86 � 5.28 <0.001
BUN, mM 9.46 � 0.97 13.96 � 0.93 <0.01
MDA, nmol ml-1 23.37 � 1.01 29.91 � 1.08 <0.001
8-OHdG, ng ml-1 38.32 � 2.19 45.10 � 1.93 <0.05

HS, heat stress; NS, not significant (P > 0.10); TN, thermoneutral.
Data are presented as the mean � SEM.
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Colonic microbial diversity, composition and functional
prediction

HS increased serum levels of lipopolysaccharide (LPS)
and lipopolysaccharide-binding protein (LBP) (Fig. S3;
P < 0.05), indicating gut permeability or microbiota may
be altered. To explore HS effects on the microbial com-
position, we collected 18 samples from two groups and
sequenced the bacterial 16S rDNA using Illumina MiSeq
PE250. 730,640 high-quality sequences were classified
as being bacteria with an average length of 420 bp. No
effects were observed on the bacterial a-diversity due to
HS, including richness estimators (ACE and Chao1), and
diversity indices (Shannon and Simpson) (Table S3).
There was, however, a significant alteration in the bacte-
rial b-diversity. Principal coordinate analysis (PCoA) plot
based on the unweighted_unifrac distance metric

showed that the colonic bacterial communities were sep-
arated thoroughly by HS (Fig. 3A; ANOSIM, P = 0.005;
Adonis, P = 0.01).
Regarding microbial composition, at the phylum level,

Bacteroidetes and Firmicutes were the most predomi-
nant phyla in the colon, with a total relative abundance
above 90%. The following ranks are phyla Deferribac-
teres, Proteobacteria and Verrucomicrobia (Fig. 4B). HS
boosted the proportion of Proteobacteria (Fig. 3B;
q < 0.01). At the OTU level, we constructed a phyloge-
netic tree of differential OTU and observed a total of 22
OTU that belonging to 8 different families or genera
(Fig. 3C). OTU related to genera Escherichia–Shigella,
Acinetobacter and Klebsiella was enriched in the HS
group. The rest of OTU is related to family or genera
Muribaculaceae, Clostridium VadinBB60, Ruminiclostrid-
ium, Blautia and Lachnospiraceae_NK4A136_group
were almost enriched in the TN group.
Using PICRUSt as a predictive exploratory tool, we

found that late gestational HS impacted colonic bacterial
functions via 69 KEGG pathways (Table S4). Among
them, HS upregulated 11 KEGG pathways, including bile
secretion, bacterial invasion of epithelial cells, staphylo-
coccus aureus infection, RIG-I-like receptor signalling
pathway, biosynthesis of siderophore group non-
ribosomal peptides, geraniol degradation, a-linolenic acid
metabolism, arachidonic acid metabolism, metabolism of
xenobiotics by cytochrome P450, chlorocyclohexane and
chlorobenzene degradation and phosphotransferase sys-
tem (PTS) (Fig. 3D; log2 fold change>0.585, P < 0.05).
These upregulated pathways were related to the diges-
tive system, infectious diseases, immune system, meta-
bolism of terpenoids and polyketides, lipid metabolism,
xenobiotics biodegradation and metabolism, and mem-
brane transport (Fig. 3D).

Potential bacterial drivers of serum metabolic profiles
and hepatic mitochondrial functions

As differential bacteria, family Muribaculaceae and
Clostridiales VadinBB60, and genera Escherichia–Shi-
gella, Acinetobacter, Klebsiella, Ruminiclostridium, Blau-
tia and Lachnospiraceae_NK4A136_group were serving
as the candidates for potential bacterial drivers. Con-
cerning serum metabolic profiles, (i) Ruminiclostridium
(P < 0.01), Escherichia–Shigella and Klebsiella
(P < 0.05) contributed to the CRH level (Fig. 4A); (ii)
Acinetobacter (P < 0.001), Klebsiella and Ruminiclostrid-
ium (P < 0.01) contributed to the ACTH level (Fig. 4B);
(iii) Clostridiales VadinBB60 and Ruminiclostridium con-
tributed to the corticosterone level (Fig. 4C; P < 0.05);
(iv) Ruminiclostridium and Klebsiella (P < 0.05) and
Escherichia–Shigella and Acinetobacter (P < 0.10) con-
tributed to the insulin level (Fig. 4D); (v)

Fig. 2. Effects of HS during late gestation on the relative mRNA
gene expressions of mtDNA-encoded (A) and mitochondrial func-
tional (B) genes in pregnant mice liver. The data are presented as
the mean � SEM. Asterisks (#, *, **) mean the tendency or signifi-
cant difference between TN and HS groups (P < 0.10; P < 0.05;
P < 0.01). CPT1a, carnitine palmitoyltransferase-Ia; CS, citrate syn-
thase; HS, heat stress; PCG1a, peroxisome proliferator-activated
receptor c coactivator-Ia; TFAM, mitochondrial transcription factor A;
TN, thermoneutral; UCP2, uncoupling protein 2.
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Ruminiclostridium, Klebsiella (P < 0.05) and
Escherichia–Shigella (P < 0.10) contributed to the NEFA
level (Fig. 4E); (vi) Ruminiclostridium (P < 0.01) and
Klebsiella (P < 0.05) contributed to the BUN level
(Fig. 4F); (vii) Clostridiales VadinBB60, Ruminiclostrid-
ium and Escherichia–Shigella tended to contribute to the
creatinine level (Fig. 4G; P < 0.10); (viii) Ruminiclostrid-
ium and Acinetobacter contributed to the LPS level
(Fig. 4H; P < 0.05); and (ix) Ruminiclostridium,
Escherichia–Shigella and Klebsiella contributed to the
LBP level (Fig. 4I; P < 0.05). Our results implied that the
decreased relative abundance of Ruminiclostridium, as
well as increased proportion of Klebsiella and
Escherichia–Shigella, was acting as the potential drivers
of serum metabolic profiles.
As regards liver mitochondrial functions, Rumini-

clostridium (P < 0.01), Escherichia–Shigella (P < 0.05)
and Muribaculaceae (P < 0.10) contributed to the ND4L
mRNA expression (Fig. 5A); Ruminiclostridium and Kleb-
siella (P < 0.001), Clostridiales VadinBB60, Escherichia–

Shigella and Muribaculaceae (P < 0.01) and Acinetobac-
ter (P < 0.05) contributed to the COX1 mRNA expres-
sion (Fig. 5B); and only Escherichia–Shigella (P < 0.10)
or Muribaculaceae (P < 0.05) contributed to the mRNA
expression of CTP1 or UCP2 (Fig. 5C and D) respec-
tively. Our results suggested that colonic microbiota,
especially Ruminiclostridium and Escherichia–Shigella,
were more likely to affect the mRNA expression of mito-
chondrial encoding genes.

Discussion and conclusions

Currently, the HS impacts on the physiological and
metabolic profiles of the gestational animal model have
been illustrated sufficiently (Gonzalez-Rivas et al., 2019).
We have pointed out that late gestational HS induces
maternal gut microbial dysbiosis which is transferred to
her offspring in a pig model (He et al., 2020). Emerging
evidence indicates a robust association between the gut
microbiota, especially its metabolites, and liver

Fig. 3. Effects of HS during late gestation on colonic microbial b-diversity (A), composition (B–C) and KEGG pathways (D) of pregnant mice.
(A) Principal coordinate analysis (PCoA) plot of colonic bacteria based on the unweighted_unifrac distance metric of OTU. Bacterial community
structure comparisons were evaluated by permutational multivariate analysis of variance (PERMANOVA), and P < 0.05 indicates a significant
difference. (B) The data are presented as medians, and q < 0.05 indicates a significant difference. (C) The iTOL plot shows the phylogenetic
tree of significant dominant OTU and their relative abundance and enrichment of colonic bacteria. (D) The data are presented as log2 fold
change, and log2 fold change >0.585 indicates a significant upregulation. HS, heat stress; iTOL, interactive tree of life; KEGG, Kyoto Encyclo-
pedia of Genes and Genomes; TN, thermoneutral.
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dysfunction (Compare et al., 2012). However, the under-
lying relationship between gut microbiota and hepatic
mitochondrial function involved in the HS physiological
response is truly lacking. Here, we firstly investigate the
potential mechanisms of gut microbiota involved in the
disrupted glycolipid metabolism during late gestational
HS via hepatic mitochondrial function in a mouse model.
The increased levels of CRH, ACTH, corticosterone and
Hsp70 indicate the activation of the HPA axis and the
established HS model, which is consistent with our
results in a pig model (He et al., 2019b). As regards

physiological response, HS elevates rectal temperature
and water consumption, while reduces feed intake as
previous studies reported (Harikai et al., 2003; Morera
et al., 2012; Aggarwal and Upadhyay, 2012). The
reduced feed intake or feed efficiency may be related to
decreased appetite or basal metabolic rate for alleviating
HS (He et al., 2018). Regarding metabolic profiles, HS
reduces serum concentration of insulin and triglyceride,
while increases that of glucagon, NEFA, B-HBA, crea-
tinine and BUN. Decreased insulin and increased gluca-
gon indicate enhanced catabolism (Sharma et al., 2018;

Fig. 4. potential bacterial drivers of serum metabolic profiles and hepatic mitochondrial functions. (A-C) For HPA axis hormones. (D-G). For lipid
and protein metabolism. (H-I) For intestinal integrity. Percentage increases in the MSE of variables were used to estimate the importance of
these predictors, and higher MSE% values imply more important predictors. The data are analysed by the RF package and lm and relwight
function in R. Asterisks (#, *, **, ***) mean the tendency or significant difference between TN and HS groups (P < 0.10; P < 0.05; P < 0.01;
P < 0.001). HPA, hypothalamic pituitary adrenal; MSE, mean squared error; RF, random forest.
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Galsgaard et al., 2019). The elevated NEFA and B-HBA
levels suggest aggravated hepatic fat decomposition and
abnormal lipid metabolism (Xue et al., 2019), which is
also supported by the reduced carcass fat content and
abdominal fat index in our study. Further, increased cre-
atinine and BUN levels also show exacerbated protein
decomposition (Pearce et al., 2013; Liao et al., 2018).
Our metabolism results indicate that HS stimulates nega-
tive energy balance and intensifies fat and protein cata-
bolism of pregnant mice.
The liver is the largest parenchymatous organ that

governs whole-body energy metabolism, including
energy production, storage, release and substrates for
further utilization (Papacleovoulou et al., 2017). More-
over, it is well established that the liver acts as the first
sensor and processor to deliver maternal nutrients to a
growing fetus via the umbilical vein (Zhou et al., 2019).
Therefore, the liver plays a crucial role in energy meta-
bolism and nutrient transport during pregnancy. Further,
mitochondria are the most important organelles for

energy metabolism. Mitochondria are the places where
sugars, fats and amino acids are finally oxidized to
release energy (Nelson and Cox, 2017). The mtDNAs
primarily encode the respiratory chain complex enzymes
of the mitochondrial inner membrane. Specifically, ND
(1-6) genes encode the complex enzyme I (NADH dehy-
drogenase), CytB gene encodes the complex enzyme III
(Q-cytochrome c reductase), COX (1-3) genes encode
the complex enzyme IV (cytochrome c oxidase), and
ATP genes encode complex V (F1F0ATP synthase) (Bel-
lance et al., 2009). HS downregulates the mRNA expres-
sion of mtDNA in our study, indicating HS may impede
the mitochondrial respiratory chain efficiency, resulting in
reduced OxPhos and insufficient energy supply of cells.
mtDNA is more vulnerable to ROS attack than nuclear
DNA because of its closed position to the respiratory
chain and lacking protective histone and effective DNA
repair mechanism (Cadenas and Davies, 2000). The
increasing serum 8-OHdG and MDA levels may also
imply HS inhibits mitochondrial OxPhos by mainly

Fig. 5. Potential microbial drivers (relative abundance of colonic differential bacteria) of variations in relative mRNA expression of liver mito-
chondrial functional genes of pregnant mice. (A-B) For mtDNA encoding mitochondrial functional genes. (C-D) For nuclear encoding mitochon-
drial functional genes. Percentage increases in the MSE of variables were used to estimate the importance of these predictors, and higher
MSE% values imply more important predictors. The data are analysed by the RF package and lm and relwight function in R. Asterisks (#, *, **,
***) mean the tendency or significant difference between TN and HS groups (P < 0.10; P < 0.05, P < 0.01; P < 0.001). mtDNA, mitochondrial
genes; MSE, mean squared error; RF, random forest.
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promoting mtDNAs oxidative damage (Belhadj Slimen
et al., 2016). Additionally, mtDNA’s replication, transcrip-
tion and protein synthesis are dependent on the syner-
gistic effects of various protein factors encoded by
nuclear DNA as well (Liu and Li, 2009). HS decreases
the mRNA expression of nuclear coding genes TFAM,
UCP2, CPT1a and CS in this study. TFAM regulates
mtDNA’s replication and transcription (Farge et al.,
2014), and its decreased level indicates suppressive
mitochondrial biosynthesis. UCP2 is a transporter
located in the inner membrane of mitochondria, which
transports protons from the intermembrane space into
the mitochondrial matrix for reducing both ATP and ROS
levels in the mitochondria (Mailloux and Harper, 2011).
The declined UCP2 level indicates cells are trying to
increase ATP synthesis efficiency for alleviating deficient
energy supply owing to HS but may be associated with
boosted ROS level and aggravated oxidative damage
(Echtay et al., 2002). This is consistent with Mujahid’s
report that HS promotes mitochondrial ROS production
by downregulating the mRNA expression of the avUCP
gene (Mujahid et al., 2007a). CPT1a and CS are two
key enzymes for regulating b-oxidation and the TCA
cycle respectively (Shi and Jiang, 2009). Their lessened
mRNA expressions in the HS group indicate mitochon-
drial functions are impaired while affecting the oxidation
efficiency of fatty acids and glucose as substrates (Lu
et al., 2017). Hence, we speculate that late gestational
HS may trigger mitochondrial damage for reducing car-
bohydrate and lipid oxidation efficiency while promoting
fat and protein catabolism, thus altering body composi-
tion.
HS boosts serum levels of LPS and LBP in pregnant

mice, which is consistent with our previous results in
pregnant sows (He et al., 2019a), indicating intestinal
integrity damage and inflammation. Alterations of intesti-
nal integrity and immune status may be associated with
the changes of gut microbiota (Karl et al., 2018). Our
microbial data show that HS changes bacterial b-
diversity, namely HS alters the bacterial structure of two
groups. Consistent with Gohir’s report (Gohir et al.,
2015), Bacteroides and Firmicutes are the two principal
phyla of pregnant mice, accounting for more than 90%
of the relative abundance. The following rank is Deferrib-
acteres, Proteobacteria and Verrucomicrobia. The micro-
bial composition analysis indicates that HS decreases
the relative abundance of OTU related to Ruminiclostrid-
ium, Blautia, Lachnospiraceae_NK4A136_group,
Clostridiales VadinBB60 and Muribaculaceae. Rumini-
clostridium belongs to Ruminococcaceae, while Blautia
and Lachnospiraceae_NK4A136_group are the numbers
of Lachnospiraceae. Ruminococcaceae and Lach-
nospiraceae are not only the key producing bacteria of
SCFAs that playing a crucial role in gut development,

health and homeostasis maintenance (Biddle et al.,
2013; Li et al., 2019; Liu et al., 2019), but also the major
producers of secondary bile acid (BAs) via 7 a/b decar-
boxylations to maintain bile acid homeostasis (Kakiyama
et al., 2013). The PICRUSt predicts that HS strengthens
the KEGG pathway of bile acid secretion, which also
supports that HS affects bile acid metabolism via altering
the gut bacterial composition. Augmented bile acid
secretion during pregnancy can easily cause cholestasis
of pregnancy that exerts long-term effects on the pro-
geny especially metabolic syndrome (Mella et al., 2016).
Muribaculaceae is originally Bacteroides S24-7, which is
the dominant family in the gut of mice (Ormerod et al.,
2016). In our study, the relative abundance of Muribacu-
laceae in the TN group and HS group is 57.41% and
50.81% respectively. Lagkouvardos et al. elucidate that
there are at least eight different Muribaculaceae bacteria
in the gastrointestinal (GI) tract of mice, which work
together to degrade various carbohydrates (a-glycosides,
host and plant glycosides) and nitrogen compounds
(urea and cyanate esters) (Lagkouvardos et al., 2019).
The PICRUSt also predicts that HS enhances the KEGG
pathways of xenobiotics biodegradation and metabolism.
Additionally, HS elevates the proportion of Proteobacte-
ria (2.27% vs. 14.01%), especially in Escherichia–Shi-
gella, Acinetobacter and Klebsiella. Boosted
Proteobacteria during late gestation is closely related to
gut microbial imbalance and aggravated inflammation
(Koren et al., 2012). The PICRUSt also forecasts that
HS heightens the KEGG pathways of bacterial invasion
of epithelial cells, staphylococcus aureus infections and
RIG-I-like receptor signalling. The increased bacterial
invasion of epithelial cells and staphylococcus aureus
infections are associated with impaired intestinal barrier
function and aggravated intestinal bacterial inflammation
(Hauck and Ohlsen, 2006). The RIG-I-like receptor is a
pattern recognition receptor that specifically recognizes
viral expression, which strengthening indicates the risk
of viral infection due to HS (Yoneyama and Fujita,
2009). Our microbial results imply that HS exacerbates
metabolic disorder and inflammatory response via alter-
ing gut microbiota during pregnancy.
Regarding potential microbial drivers, reduced Rumini-

clostridium while increased Klebsiella and Acinetobacter
are responsible for the activation of the HPA axis,
namely increased levels of CRH, ACTH and corticos-
terone. Ruminiclostridium can ferment cellulose, cel-
lobiose, glucose and xylose for producing acetate
(Zhang et al., 2018), which has neural activity and
reaches the central nervous system (CNS) to relieve the
activation of the HPA axis (Cryan et al., 2019). Further,
Widmaier and Katoh also demonstrate that acetate inhi-
bits hormone release of the HPA axis both in vivo and
in vitro (Widmaier et al., 1995; Katoh et al., 2004). On
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the contrary, Klebsiella and Acinetobacter promote
inflammatory cytokines release that in turn activate the
HPA axis (Cryan et al., 2019). Moreover, these three
genera also contribute to the serum level of insulin,
NEFA, BUN, and creatine, which may be related to the
activation of the HPA axis. Chen’s study supports that
hypoxic stress reduces plasma glucose and insulin
levels, while increases glucagon levels by activating the
HPA axis (CRH receptor) in rats (Chen et al., 2007). We
speculate that late gestational HS in our study intensifies
the HPA axis response by regulating gut microbiota (i.e.
Ruminococcaceae, Lachnospiraceae and c-
Proteobacteria), which strengthens fat and protein cata-
bolism to maintain energy requirement for both mom and
her fetus (Havel and Taborsky, 1989).
Based on the endosymbiosis theory, mitochondria of

eukaryotic cells are evolved from a-Proteobacteria and
are considered as the descendants of bacteria (Bajpai
et al., 2018). We further explore the potential microbial
drivers to mRNA expression of hepatic mitochondrial
functional genes. Our results indicate that, compared
with nuclear-encoded genes, mtDNA-encoded genes are
more susceptible to bacterial alterations. Ruminiclostrid-
ium mainly produces acetate and hydrogen (Zhang
et al., 2018). Acetate enters the liver through the portal
vein and continues to metabolize, which is related to the
energy metabolism and biosynthesis of mitochondria
(Clark and Mach, 2017). Hydrogen can effectively neu-
tralize the ROS generated by the mitochondrial respira-
tory chain for reducing mitochondrial oxidative damage
(Cui et al., 2014). Moreover, potential pathogens such
as Klebsiella, Escherichia–Shigella and Acinetobacter
can activate the NF-jB signal pathway to promote
inflammation by producing LPS binding to Toll-like
receptor 4 (TLR-4), which in turn promote ROS produc-
tion and oxidative damage of mitochondrial respiratory
chain (Saint-Georges-Chaumet and Edeas, 2016).
According to these results, we speculated that hepatic
mitochondrial dysfunction has strongly associated with
gut microbial dysbiosis due to late gestational HS.
This study did have limitations. First, the 16S rRNA

gene sequencing we used to provide low resolution at
the species level and poor discriminatory power for
some genera, whole-metagenome shotgun sequencing
should be applied for higher strain-level resolution and
more accurate information regarding the microbial com-
position and function in further study. Moreover, although
we used the random forest algorithm and multiple linear
regression to predict the contribution of potential micro-
bial drivers for mitochondrial function and metabolic pro-
files, our findings are correlational and do not support a
causal relationship between gut microbiota and hepatic
mitochondrial function. Faecal microbiota transplantation
(FMT) should be applied to elucidate the underlying

causality in future studies. Nevertheless, our data pro-
vide evidence for the relationship between gut microbiota
and hepatic mitochondrial function involved in the dis-
rupted glycolipid metabolism during late gestational HS,
which in turn provides new insight into the potential risk
of gestational high ambient temperature exposure and
may further present basic data on the possible mecha-
nism of gestational HS on human health. More studies
are needed to determine the further mechanism of gut
microbiota that is involved in energy homeostasis to pre-
vent metabolic syndrome during pregnancy.

Experimental procedures

Animals, experimental design and sampling

Twenty female and ten male mice, both Institute of Can-
cer Research (ICR) mice aged 6 weeks (20 � 2 g),
were purchased from the Model Animal Research Center
of Nanjing University (Nanjing, China) and housed in the
Laboratory Animal Center of Nanjing Agricultural Univer-
sity (Nanjing, China). The sample size of this experiment
was predetermined according to the previous method
(Noordzij et al., 2010). Mice were housed and main-
tained at conditions of 24 � 2�C and a 12 h light/dark
cycle with ad libitum access water and a standard chow
diet. After three days of adaptation, one male and two
female mice were housed in each cage from 7:00 p.m.
to 7:00 a.m. daily for successful mating. Pregnant mice
were moved into separate cages once the pregnancy
was determined via a vaginal plug the following morning.
The day when the vaginal plug appeared was defined as
the first day of gestation. The animal experiments were
approved by the Animal Welfare and Use Committee of
Nanjing Agricultural University and were implemented
following Animal Research Institute Committee Guideli-
nes (Nanjing, China, SYXK (Su) 2011-0036).
Twenty pregnant mice were randomly assigned into

two environmental treatments including the TN (24 � 2
�C; n = 10) and HS (35 � 2 �C; n = 10) conditions from
d 12 of gestation. A randomized complete block design
was present here based on their body weight as previ-
ously described (Gao et al., 2019). Note that this method
aimed to eliminate differences in performance among
groups. Rectal temperature, feed intake and water con-
sumption were monitored at 8:00 a.m. every morning.
Body weight was only recorded during the experimental
treatment period. After 12 h of starvation, pregnant mice
were euthanized with pentobarbital sodium for blood, tis-
sue and colonic digesta samples collections at d 18 of
gestation. Blood samples were collected from the retro-
orbital plexus using a collection tube with gel & clot acti-
vator (Kangjie equipment & supply Co., Ltd, Jiangsu,
China). The serum sample was centrifuged at 3000 g for
15 min at 4 �C, then collected and frozen at �20�C
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before analysis. The livers, heart, lung, pancreas, small
and large intestine, gastrocnemius muscle, and abdomi-
nal and subcutaneous fat were collected for calculating
the visceral index as previously reported (Dong et al.,
2017). Parts of livers were collected and stored in liquid
nitrogen and then stored at �80�C before RNA isolation.
For body composition, carcass nitrogen and fat contents
were measured as described previously (Park et al.,
1999). The colonic digesta samples were collected from
the colon immediately and aseptically transferred into a
2 ml sterile tube and stored at �80�C for further DNA
extraction. Two mice of the HS group were excluded
from further analysis due to stillbirth before sample col-
lection. Hence, we have 10 samples in TN group and 8
samples in HS group for further analysis respectively.

Hormones and metabolites assays

Serum hormones and metabolites of pregnant mice were
determined by the commercial enzyme-linked
immunosorbent assay (ELISA) kit according to their
instructions strictly (Fangcheng Beijing Technology Co.
Ltd., Beijing, China). CRH, ACTH, corticosterone,
Hsp70, IGF-1, insulin, glucagon, NEFA, B-HBA, BUN,
creatinine, MDA and 8-OHdG levels were detected in
mice serum, with assay sensitivities above 0.1 pg�ml-1,
0.1 pg�ml-1, 1.0 ng�l-1, 1.0 pg�ml-1, 0.1 ng�ml-1, 0.1 mIU�l-
1, 1.0 mU�l-1, 1.0 lM, 1.0 lM, 0.1 mM, 1.0 lM,
1 nmol�ml-1 and 1 ng�ml-1 respectively. The intra- and
inter-assay coefficients of variations for all measures
were 10% and 15% respectively. Moreover, serum levels
of glucose, cholesterol, TG, high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) were measured
with an automatic biochemical analyzer (Hitachi 7180;
Hitachi High-Technologies Co., Tokyo, Japan) using cor-
responding commercial kits (MedicalSystem Biotechnol-
ogy Co., Ltd., Ningbo, China).

Quantitative reverse transcription PCR (qRT-PCR)

qRT-PCR was performed according to a previous study
(Ji et al., 2019). Total RNA from the liver was extracted
and then reverse-transcribed to the complementary DNA
(cDNA). qRT-PCR of the target genes was performed
using a QuantStudio 5 Real-Time PCR System (Thermo
Fisher, USA) with fluorescence detection of TB green
dye (TaKaRa Bio Co., Ltd., Beijing, China). The target
genes are all mitochondrial functional genes, which
mainly included 13 mtDNA-encoded genes and several
nuclear-encoded genes. All the primers were synthe-
sized by Invitrogen Life Technologies (Invitrogen Co.,
Ltd., Shanghai, China) with their sequences shown in
Table S2. The relative mRNA expression levels were

calculated using the 2–DDCt method described previously
(Livak and Schmittgen, 2001).

DNA extraction, MiSeq sequencing and Bioinformatics
analysis

The total genomic DNA of colonic digesta samples was
extracted as described previously (He et al., 2019a).
Successively, the V3-V4 hypervariable region of bacterial
16S rDNA was amplified using a universal forward pri-
mer 341F (5’-CCTAYGGGRBGCASCAG-3’) and a
reverse primer 806R (5’-GGACTACNNGGGTATCTAAT-
3’). Purified amplicons were pooled in equimolar and
paired-end sequenced (2 9 250) on an Illumina MiSeq
platform by Biozeron Biotechnology (Shanghai, China)
(Caporaso et al., 2012). The raw reads were deposited
into the NCBI Sequence Read Archive (SRA) database
(Accession Number: SRP287964).
Raw data generated from 16S rRNA MiSeq sequenc-

ing were analysed as a previous study (He et al.,
2019a). The phylum and OTU with relative abundance
higher than 1% and 0.1%, respectively, were defined as
predominant and sorted for further comparison. Interac-
tive tree of life (iTOL) plots were generated as phyloge-
netic trees based on the relative abundance of
differential OTU (Letunic and Bork, 2019). Microbial func-
tions were predicted based on the 16S rDNA sequence
using PICRUSt (Langille et al., 2013).

Statistical analysis

Power calculations identified the sample size is enough
to detect an effect size of 1.42 SD for the data with 80%
power and a type I error of 5% by using G*Power Data
Analysis (Faul et al., 2007). Statistical analyses were
performed using SPSS 26.0 software (IBM Inc., Chicago,
IL, USA). Two-way ANOVA was used to analyse the
effects of HS and time on the rectal temperature, feed
intake, water consumption and body weight, considering
the HS on those parameters as the main effect. Serum
hormones and metabolites, carcass fat and protein con-
tents, as well as mitochondrial functional gene expres-
sion, were assessed for normal distribution with the
Shapiro–Wilk test. Student’s t-test or the non-parametric
Mann–Whitney U-test was applied to compare the differ-
ence between groups. Data were expressed as the
mean � SEM or median. Differences in the bacterial a-
diversity indices and the relative abundance (phylum and
OTU levels) were analysed using the non-parametric
Mann–Whitney U-test. Data were expressed as medians,
and the q value was calculated based on the P-value
with false discovery rate FDR correction (Benjamini and
Hochberg, 1995), and q < 0.05 was regarded as statisti-
cally different. Principal coordinate analysis (PCoA) plot
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based on the unweighted_unifrac distance metric was
used to visualize the difference in bacterial b-diversity.
Bacterial community structure comparison was evaluated
by permutational multivariate analysis of variance (PER-
MANOVA), using the ‘vegan’ package in R (http://www.r-
project.org/). The differences were significant in all the
above tests at P < 0.05. Additionally, the potential micro-
bial drivers for the significant differential serum metabo-
lites and mitochondrial functional genes were identified
as described previously (He et al., 2020).
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Fig. S1. Effects of heat stress during late gestation on the
serum levels of Hsp70 (A) and HPA axis hormones (B-D) of
pregnant mice. The data are presented as the mean �
SEM. Asterisks (**, ***) means the significant difference
between TN and HS group (P < 0.01, P < 0.001). ACTH:
adrenocorticotropic hormone; CRH: corticotropin-releasing
hormone; HPA: Hypothalamus pituitary adrenal; HS = heat
stress; Hsp = heat shock protein; TN = thermoneutral.
Fig. S2. Effects of HS during late gestation on rectal tem-
perature (A), feed intake (B), and water consumption (C) of
pregnant mice. The data are presented as the mean �
SEM. Asterisks (#, *, **, ****) means the tendency or sig-
nificant difference between TN and HS group (P < 0.10,
P < 0.05, P < 0.01, P < 0.0001). HS = heat stress; TN =
thermoneutral; Trt: treatment.
Fig. S3. Effects of HS during late gestation on the serum
levels of intestinal integrity biomarkers of pregnant mice.
Asterisks (**) means the significant difference between TN
and HS group (P < 0.01). HS = heat stress; LBP: LPS bind-
ing protein; LPS: Lipopolysaccharide; TN = thermoneutral.
Table S1. Effects of late gestational heat stress on the vis-
ceral indices of pregnant mice.
Table S2. The sequence of primers used in the qPCR.
Table S3. Effects of HS during late gestation on the colonic
microbial a-diversity of pregnant mice.
Table S4. Effects of HS during late gestation on the colonic
bacterial functional prediction of KEGG metabolic pathways
of pregnant mice.
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