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ARTICLE INFO ABSTRACT

Keywords: Bile acids (BAs) are critical for cholesterol homeostasis and new roles in metabolism and endocrinology have
Heat stress been demonstrated recently. It remains unknown whether BA metabolism can be affected by heat stress (HS).
Bile acids

The objective of this study was to describe the shifts in serum, hepatic and intestinal BA profiles induced by
chronic HS. Twenty-seven Large White pigs weighing 40.8 + 2.7 kg were assigned to one of the three treat-
ments: a control group (CON, 23 °C), a HS group (33 °C), or a pair-fed group (PF, 23 °C and fed the same amount
as HS group) for 21 d. The concentrations of taurine-conjugated BAs (TUDCA and THDCA in serum and TCDCA,
TUDCA, THDCA and THCA in liver) were decreased in HS and PF pigs. However, in HS pigs, a reduction in
taurine-conjugated BAs (TCBA) correlated with decreased liver genes expression of BA synthesis, conjugation
and uptake transport. BA regulated-genes (FXR, TGR5 and FGFR4) in HS pigs and TGR5, FGFR4 and KL in PF
pigs were down-regulated in liver. In ileum, total BAs and glycoursodeoxycholic acid concentrations were higher
in HS pigs than other groups and PF group, respectively (P < 0.05). TCBA (P = 0.01) and tauroursodeoxycholic
acid (P < 0.01) were decreased in PF group. BA transporters (OSTa and MRP3) were up-regulated in HS pigs
compared with CON and PF pigs, respectively (P < 0.01). In cecum, ursodeoxycholic acid was higher in HS
(P = 0.02) group than CON group. The expression of apical sodium-coupled bile acid transporter (P = 0.04) was
lower in HS pigs than CON pigs, while OST (P < 0.01) was greater in HS group than PF group. These results
suggest that chronic HS suppressed liver activity of synthesis and uptake of TCBA, at least in part, which was
independent of reduced feed intake.

Gene expression
Growing pigs

1. Introduction increased permeability (Gabler et al., 2018; Pearce et al., 2013a). It is

hypothesized that in heat-stressed animals leaky gut leads to insulin

Heat stress (HS) influences many productive traits and increases
economic loss in pigs (Pollmann, 2010). In heat-stressed pigs, feed in-
take is reduced by as much as 40-50% to reduce heat production, which
severely impairs the growth performance of pigs (Pearce et al., 2013a).
Also heat exposure causes profound damages in the intestinal barrier
functions (Liu et al., 2016), indicated by shortening of the villi, and

sensitivity because of endotoxemia (Sanz Fernandez et al., 2015; Xin
et al., 2018). Although feed intake is inadequate in heat-stressed pigs,
lipolytic activities are reduced but lipid deposition is promoted both in
vivo and in vitro (Baumgard and Rhoads, 2013; Qu et al., 2015; Sanders
et al., 2009; Torlinska et al., 1987). Recently, we found 21 days of heat
exposure at 33°C can temporally increased serum circulating
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cholesterol in growing pigs on day 3, while pair-fed decreased blood
cholesterol after 21 days (Wen et al., unpublished data). This phe-
nomenon has also been reported by Pearce et al. (2013b). So far, it is
not completely known how cholesterol homeostasis is regulated when
nutrients and energy intake is severely reduced in heat-stressed pigs.

Bile acids are synthesized and conjugated exclusively from choles-
terol in the liver (Angelin and Carlson, 2010; Kortner et al., 2013). The
conversion of cholesterol to the BAs is the major route for cholesterol
excretion (Chiang, 1998; Cohen, 2008; Siperstein et al., 1952). As an
emulsifier, BAs are essential for fat digestion and lipid-soluble vitamins
absorption in the intestine (Russell and Setchell, 1992). Furthermore,
BAs can coordinate glucose, lipid and energy homeostasis through the
farnesoid X receptor (FXR) and the membrane-bound G-protein coupled
receptor (TGR5) (Houten et al., 2006; Lefebvre et al., 2009). Bile acids
interact with TGR5 to stimulate glucagon-like peptide-1 (GLP-1) se-
cretion in the large intestine to regulate feed intake (Gutzwiller et al.,
1999; Katsuma et al., 2005; Thomas et al., 2009).

Primary BAs are synthesized in pericentral hepatocytes through a
series of sterol ring hydroxylations and side chain oxidation steps. They
are conjugated with glycine or taurine under bile acid-CoA synthase
(BACS) and bile acid-CoA:amino acid N acyltransferase (BAAT) before
being secreted into the gallbladder for storage. Upon the signal of
cholecystokinin (CCK), gallbladder contracts to release stored BAs into
the duodenum during a meal. Under the deconjugation and 7a-dehy-
droxylation activities of gut microbes, conjugated BAs are converted
into free BAs and primary BAs are converted to secondary BAs, re-
spectively (Midtvedt, 1974; Ridlon et al., 2006). About 95% of the BAs
are reabsorbed in the intestine, especially at the distal ileal section, to
save the total de novo hepatic BAs synthesis (Dawson and Karpen, 2015;
Russell, 2003). Bile acid biosynthesis is tightly controlled by en-
terohepatic circulation. When BAs pass through the ileal section, ileo-
cytes synthesize fibroblast growth factor 19 (FGF19; FGF15 in rodents),
which interacts with fibroblast growth factor receptor 4 (FGFR4)/
Klotho beta (KLf), complex to negatively regulate BA synthesis in the
liver (Holt et al., 2003). In addition, BAs can interact with FXR to in-
duce the small heterodimer partner (SHP), suppressing the expression
of BA synthetases as well as cholesterol synthesis (Lu et al., 2000; Zhu
et al., 2012).

In view of the close relationship between BA and cholesterol me-
tabolism, we hypothesized that heat stress can alter BA metabolism,
which contributes to the up-regulated serum cholesterol in the heat-
stressed pig (Wen et al., unpublished data). The effects of HS on me-
tabolites (including BAs) have been examined by metabolomics
(Ippolito et al., 2014; Wang et al., 2016). However, there is no literature
about the effects of heat stress on individual BA as well as on the BA
composition. Therefore, the current study aimed to investigate hepatic
biosynthesis, intestinal transport of BA and abundance of bacteria re-
lated to BA metabolism in growing pigs experiencing chronic heat ex-
posure.

2. Materials and methods
2.1. Animals and experimental design

All experimental procedures involving animals used in this experi-
ment were approved by the Laboratory Animal Care Advisory
Committee of the Institute of Animal Sciences, Chinese Academy of
Agricultural Sciences (IASCAAS).

To distinguish genetic differences, the experiment adopted a com-
pletely random block design, which considered the litter as the block. A
total of 27 castrated male Large White pigs from 9 litters (3 pigs/litter)
with an average body weight of 40.8 + 2.7 kg, were allotted to one of
the three treatments: a control group for which the environment was
maintained at 23 °C (CON, with ad libitum water and feed intake), a heat
stress group, continuously kept at 33 °C (HS, with ad libitum water and
feed intake), or a pair-fed group (PF, ad libitum access to water) kept at
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Table 1

Composition and nutrient levels of the basal diet (air-dry basis).
Items Percentage Items Percentage
Ingredients Nutrient levels” )
Corn 62.55 DE (Mcal/kg) 3.23
Soybean meal 27.00 CP 18.00
Wheat bran 5.00 Lys 1.03
Soybean oil 1.00 Ca 0.95
Limestone 1.50 P 0.74
CaHPO4 1.5
NaCl 0.3
L-Lysine-HCl 0.15
Premix" 1.00
Total 100

D premix provided the following per kg of diets: vitamin A 8250 IU, vitamin
D3 825 IU, vitamin E 80 IU, vitamin K 4.25 mg, vitamin B1 1.02 mg, vitamin B2
5.20 mg, vitamin B6 2.04 mg, vitamin B12 2.5 mg, biotin 0.2 mg, pantothenic
acid 15.3 mg, nicotinic acid 35.7 mg, folic acid 2 mg, Fe (FeSO,) 266 mg, Cu
(CuSO4) 200mg, Zn (ZnSO4) 285mg, Mn (MnSO,)78 mg, I (KI) 0.8 mg, Se
(NaySeO3) 0.3 mg, choline chloride 600 mg.

2 Estimated using the NRC (2012) individual dietary ingredients.

23 °C but given the same amount to the feed consumed on the previous
day by the HS group, for 21 days. Pair-fed was conducted to determine
the effects of a reduced nutrient intake. The experiment was executed
over 3 consecutive periods and 9 pigs from 3 litters were assigned into 1
of the 3 groups per period.

The animal rooms were illuminated with a 16 h light cycle (light
during 6.00 a.m.-10.00 p.m.) with a relative humidity of 55% = 5%.
The diet consisted primarily of ground corn and soybean meal and was
formulated to meet or exceed nutrient requirements suggested by the
NRC (2012). No antibiotics were included in the diets (Table 1). Prior to
the experiment, animals were allowed to acclimate to their pens for a
week for adaption and were reared at 23 °C. The data of average daily
feed intake, average daily gain, rectal temperatures and respiration
rates have been reported in Xin et al. (2018). Compared with CON pigs,
HS pigs showed a 55.6% reduction in average daily feed intake, 41.2%
reduction in average daily gain (41.2%). They increased rectal tem-
peratures by 0.8 °C and respiration rates by 2 folds. At the end of the
trial (21 d), all the pigs were slaughtered via electrical stunning fol-
lowed by exsanguination. Feed was withheld from the pigs 12 h before
slaughter. Blood samples were taken via the jugular vein before they
were sacrificed. Blood was collected into vacuum tubes, subsequently
clotted and centrifuged at 3000 rpm for 10 min at 4 °C. Then, serum was
obtained, aliquoted and stored at —80 °C for BAs quantification. Liver
samples were stored at —80°C for BAs and real time PCR (q-PCR)
measurements. Mucosae of ileum and cecum were scraped and then
snap frozen in liquid nitrogen followed by storage at —80 °C for mRNA
analysis. Digesta from ileum and cecum were collected for BAs and
bacteria quantifications.

2.2. LC-MS/MS to quantify bile acids in serum and liver as well as intestinal
digesta

To extract BAs in the serum, a volume of 100 puL serum was mixed
with an equal amount of pre-cold sodium acetate buffer (50 mM, pH
5.6) and triple ethanol. The mixture was then vortexed for 2 min, al-
lowed to stand for 30minat 4°C, and centrifuged at 20,000g for
20 min. The supernatant was diluted four times with sodium acetate
buffer and applied to a Bond Elute C18 cartridge (500 mg/6 ml; Harbor
city, CA) which has been pre-activated by 5 ml methanol. The cartridge
was washed with 25% ethanol and eluted with 5 mL of methanol. Next,
the solvent was removed under nitrogen gas, the residue was recon-
stituted with 1 ml of methanol (Fang et al., 2018). Precipitated solids
were then removed by filtration using a 0.45um Millipore filter
(Millex®-LG; Billerica, MA). To extract liver BAs, appropriate
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Table 2

Primers for bile acids-related genes and bacteria genes.
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Gene

Gene Bank ID

Sequences, forward/reverse 5-3’

Amplicon size (bp)

Bile acids biosynthesis

CYP7A1
CYP27A1
CYP8B1
BAAT
BACS

Bile acids transports
BSEP

OATP1B3
NTCP
ASBT
IBABP
OSTa
OSTP
MRP2
MRP3

Bile acids receptors
FXR

TGR5

Bile acids signaling
SHP

FGFR4
KLLB
GLP-1

Target bacteria
Total bacteria

Bacteroides
Clostridium
Enterococcus

Lactobacillus

NM_001005352.3

NM_001243304.1

NM_214426.1

XM_003122044.4

XM_005658625.1

XM_003133457.4

XM_021091087.1

XM_001927695.4

NM_001244463.1

NM_214215.2

NM_001244266.1

XM_013991788.1

DQ530510.1

XM_003131575.5

NM_001287412.1

XM_013984487.1

AH014861.3

XM_003123682.5

XM_003482367.4

NM_001256594.1

MK616037.1

KF374939.1

MG462904.1

CP030110.1

JF923643.1

GAAAGAGAGACCACATCTCGG 123
GAATGGTGTTGGCTTGCGAT

ACTGAAGACCGCGATGAAAC 106
CAAAGGCGAATCAGGAAGGG

CCGGAAGAATATGTTGGAAT 150
AAGTCTAGTTTTCTCTTCGC

GGCTGATGATCCGAGAAGGG 94
ATGCCCCCAAACAAGTCGAT

CTGGCTCCCTGCCTATGCT 70
GAACGTGCTTGTGGTCTCCAA

TTGGAGCAGGTTGGAACACC 145
CACATTTCTTCACGCTGCGA

GGAATGATTGGTCCGATCCTTGGC 139
AACCAAGCCACCAAGCACCAAC

ACTTTCGGAAACCTAAGGGACT 88
AAGAGCTTGCCCAGTGCAAAG

TGGATCTGAGCATCAGCATGAC 66
GGCACAGCGGCATCATTC

GTGAACAGCCCCAACTACCA 119
CCACTAGCTCATGCCAGCTT

TGTACAAGAACACTCGCTGC 80
GAACACACACACTATCGTGGG

CTGGTGGCTGTGGTGGT 167
AAAGTCTCCCTTAGGATGGT

GAACAGGTTTGCTGGCGATATT 65
GCCAGGAGCGCAAAGACA

TGGACAAAGGGACAATAGCTGAGT 78
TGGCCATCCCGTAGAAGATG

ATACAACAGTGTTCCGTTTC 144
AGAGTCTCAGCAGGCATT

AAGCCCAAGATGACACCCAA 187
CCAGGAGCAGACTCAGGAAGAA

GCCTACCTGAAAGGGACCAT 126
CAACGGGTGTCAAGCCTTTA

GCTCAGAGGTGGAGGTCCTA 74
GCCTGCCAGACAGGTGTATT

GCACCGAGTGGAAGGAGTT 150
TGCCAGTAGGAAGGATTG

CAGTGCAGAAATGGCGAGAA 61
GGTGGAGCCTCAGTCAGGAA

ACTCCTACGGGAGGCAGCAG 464
GGACTACHVGGGTWTCTAAT

CATGTGGTTTAATTCGATGAT 120
AGCTGACGACAACCATGCAG

TGAAAGATGCCATCATCATTCAAC 283
GGTACCGTCATTATCTTCCCCAAA

GAGAAATTCCAAACGAACTTG 93
CAGTGCTCTACCTCCATCATT

GAGGCAGCAGTAGGGAATCTTC 126

GGCCAGTTACTACCTCTATCCTTCTTC

modification methods were used described by Yang et al. (2017).
100 mg liver tissue was homogenized in 1 ml physiological saline. The
supernatant was obtained by centrifugation at 2500 rpm for 10 min.
Two hundred microliter liver homogenate was extracted use the same
method as described above. Finally, the resulting supernatant was used
for LC-MS/MS analysis and the assay conditions have been reported
previously (Fang et al., 2018). Bile acids in the intestinal digesta were
extracted as previously described (Fang et al., 2018).

2.3. RT-qPCR analysis to quantify bile acid-related genes

The impact of heat exposure on critical genes related to BA synth-
esis, transportation and signaling were assessed. Primers (Table 2) were
characterized by amplification efficiency analyses and agarose gel
electrophoresis. Total RNA was isolated from liver or intestinal mucosal

scrapings from ileum and cecum using Qiagen kits (RNeasy Mini Kit,
Cat # 74104). RNA integrity and concentration were assessed via 2%
agarose gel electrophoresis and microspectrophotometer (Nanodrop,
Technologies, Wilmington, DE). First-strand cDNA was synthesized by
using the High-Capacity cDNA Archive kit (Takara RR047A, China)
according to the manufacturer’s instructions. Approximately 1pug of
RNA with an average A260/A280 of 1.9 were transcribed. qPCR was
performed in a Bio-Rad CFX 96 System using SYBR Green Master Mix
(Applied Bio-Rad). The comparative Cr method (2~ *4%") was used to
calculate the gene expression values using fB-actin as a housekeeping
gene.

2.4. Bacteria quantification by gPCR

Bacteroides, Clostridium, Lactobacillus and Enterococcus as the major
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gut microbes participating in BAs deconjugation and secondary BAs
synthesis (Ridlon et al., 2016), were quantified by qPCR. Plasmids
containing 16S rRNA fragments of Bacteroides, Clostridium, Lactobacillus
and Enterococcus were cloned as following. Fragments 16S rRNA were
amplified with PCR and purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA). Each purified fragment
was cloned into pMD18-T vector (TaKaRa, Beijing, China), followed by
transformation into competent E. Coli Top 10 cells (Tiangen, Beijing,
China). Plasmids were extracted with a commercial plasmid mini kit
(Majorbio, Shanghai, China) and the concentration of each plasmid was
measured at 260 nm (NanoDrop 2000; Thermo Fisher Scientific, USA).
The plasmids obtained were sequenced to validate identity of bacteria.
Ten-fold dilutions of each plasmid from 10% to 10° copies were per-
formed to generate standard curve for absolute quantification.

Microbial DNA was extracted from digesta from ileum and cecum
samples using the EZNA™ Soil DNA kit (D5625-02, Omega Bio-Tek Inc.,
Norcross, GA, USA) according to the manufacturer’s protocol. qQPCR was
performed to quantify Bacteroides, Clostridium, lactobacillus and
Enterococcus on an ABI 7500 Real-Time PCR System (Applied
Biosystems, USA). Primers are listed in Table 2. The PCR reaction was
performed in a total volume of 20 uL using the ChamQ SYBR Green PCR
Core Reagents kit (Vazyme Biotech Co.,Ltd. Nanjing, China). Each re-
action included 16.5puL ChamQ SYBR Color qPCR Master Mix (2X),
0.8 uL of each primer (5 pM) and 2 pL of the template DNA. The cycling
conditions were as follows: 95 °C for 5 min, and 40 cycles at 95 °C for 5s
and 60 °C for 30s.

2.5. Statistical analysis

All the statistical analyses were performed using the JMP10.0 (SAS
Institute, Inc., Cary, NC). The one-way analysis of variance (ANOVA)
and Duncan’s multiple comparison were used to compare study sub-
groups. Data were presented as mean and SEM and a P value < 0.05
was considered significant.

3. Results
3.1. Serum bile acids profile

Unconjugated BAs, including chenodeoxycholic acid (CDCA,
24.78%), hyocholic acid (HCA, 11.31%) and ursodeoxycholic acid
(UDCA, 25.80%) were the predominant BAs in serum, accounting for
61.9% of total BAs (TBA). TCBA accounted for 4.3% and glycine-con-
jugated BAs (GCBA) accounted for 33.8% of serum TBA (Fig. 1A). After
21 d of heat exposure, TBA, primary BAs (PBA), secondary BAs (SBA)
and GCBA did not differ among the three groups. However, TCBA in the
HS and PF groups were decreased by 44% (P = 0.03) and 42%
(P = 0.02), respectively, compared with the CON group. Among the
four TCBAs, tauroursodeoxycholic acid (TUDCA, P = 0.025) and taur-
ohyodeoxycholic acid (THDCA, P = 0.03) were reduced in the HS and
PF pigs (Fig. 1A).

3.2. Liver bile acids composition

The liver is the critical site for BAs synthesis and secretion. In the
liver, GCBA such as glycochenodeoxycholic acid (GCDCA, 61.69%) and
glycoursodeoxycholic acid (GUDCA, 32.77%) played a leading role,
which constituted more than 94% of TBA. TCBA (5.32%) and un-
conjugated BAs (0.22%) were relatively minor components (Fig. 1B).
Taurochenodeoxycholic acid (TCDCA, TUDCA, THDCA and taurohyo-
cholic acid) were decreased in the liver of HS and PF groups and
therefore the TCBAs was lower than the CON group (P = 0.02, Fig. 1B).
No differences were found in other BAs among different groups in heat
exposure for 21 d.

Journal of Thermal Biology 84 (2019) 375-383

3.3. Intestine bile acids composition

Unconjugated BAs accounted for 65.86 and 90.16% of TBA in ileum
and cecum, respectively. However, PBA (CDCA; 20.37% and HCA;
29.22%) constituted the largest portion in the ileum but SBA (LCA;
26.61% and UDCA; 32.58%) in the cecum. PBA (49.65-30.92) and
conjugated BAs (34.14-9.84%) decreased, whereas secondary BAs in-
creased (16.21-59.24%) between the ileum and cecum (Fig. 1C and D).
Under the HS condition, in the ileum, TBA (P = 0.01) was greater in HS
pigs than the CON and PF groups and GUDCA (P = 0.026) was greater
in the HS group than the PF group. In the PF group, TCBA was lower
than the CON (P = 0.003) and HS (P = 0.009) groups (Fig. 1C), where
TUDCA (P < 0.01) was reduced in the ileum. The BAs composition of
the cecal pool was not changed significantly among the three groups
and only UDCA was higher in the HS (P = 0.02) group than the CON
group (Fig. 1D).

3.4. Bile acids synthetases and transporters in liver

Cholesterol 7a-hydroxylase 1 (CYP7A1) and sterol 27-hydroxylase
(CYP27A1) initiate the classical and alternative BAs synthesis pathways
in the liver (Russell and Setchell, 1992). In comparison to the CON
group, CYP7A1 and sterol 12a-hydroxylase (CYP8B1) remained un-
changed in the HS group, but CYP27A1 was down-regulated by 45%
(P = 0.01). BAAT and BACS, two genes coding enzymes catalyzing BAs
conjugation, were also down-regulated in the HS group by 41%
(P < 0.01) and 42% (P < 0.01), respectively (Fig. 2A). Liver BA
transporters, sodium-taurocholate cotransporting polypeptide (NTCP),
organic anion transporting peptides 3 (OATP1B3) and bile salt export
pump (BSEP) were down-regulated in the HS pigs (P < 0.01, Fig. 2B).
In the PF group, only CYP27A1 (P = 0.02) was lower than the CON
group (Fig. 2A).

3.5. Bile acids transporters in intestine

In comparison to the CON group, in the ileum, chronic heat ex-
posure significantly up-regulated the expression of organic solute
transporters a (OSTa; 39%, P < 0.01), a BA basolateral transporter
(Fig. 3A). Multidrug resistance protein 3 (MRP3) was up-regulated in
HS pigs when compared with PF pigs (P < 0.01, Fig. 3A).

In the cecum (Fig. 3B), apical sodium-coupled bile acid transporter
(ASBT; 57% suppression, P = 0.04) was noted to be lower in HS pigs
compared with the CON group and the mRNA level of OST( (74.8%,
P < 0.01) was greater in HS group than PF group. However, no change
was observed for genes that are involved in BA transport in the ileum
and the cecum of the PF pigs compared with CON pigs.

3.6. Bile acids signaling in intestine and liver

Although the ileum is the major site for BAs reabsorption, no
changes were observed in FXR, TGR5 and FGF19 in the HS and PF
groups when compared with the CON group (Fig. 4A). In the cecum, the
expressions of membrane receptor TGR5 and GLP-1 were lower by 31%
(P = 0.05) and 45% (P < 0.01), respectively, in the HS group, while
few changes were observed in the PF group (Fig. 4B).

In the liver (Fig. 4C), remarkable reductions in FXR (24%,
P = 0.02), TGR5 (42%, P = 0.002) and FGFR4 (36%, P = 0.009) ex-
pressions were observed in HS pigs compared with the CON pigs, and
there was no significant difference of SHP or KL} mRNA expression.
Meanwhile, the mRNAs of TGR5 (30%, P = 0.04), FGFR4 (38%,
P = 0.002) and KL (43%, P = 0.0356) were also suppressed in the PF
group.

3.7. Correlations among liver bile acid-related genes

Pearson’s correlation (Table 3) revealed strong positive correlations
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Fig. 1. Alteration of BA profiles in serum (A), liver (B), ileum (C) and cecum (D) after chronic heat exposure. Values with the same letter superscripts mean no
significant difference (P > 0.05), while with different letter superscripts mean significant difference (P < 0.05).

(P < 0.01) in FXR or TGR5 with FGFR4 (r = 0.5398 and r = 0.6814),
CYP27A1 (r =0.6758 and r = 0.8524), BAAT (r =0.7980 and
r = 0.5405), BACS (r = 0.8190 and r = 0.6745), BSEP (r = 0.5692 and
r = 0.6280), OATP1B3 (r =0.6923 and r = 0.6262) and NTCP
(r = 0.7694 and r = 0.6938), respectively. Additionally, TGR5 was
positively correlated with KL} (r = 0.4803, P = 0.01).

Significant positive correlations between CYP7A1 and BSEP
(r=0.4199, P =0.03) and NTCP (r = 0.4733, P = 0.01) were ob-
served, respectively. In addition, CYP27A1 was positively correlated
(P < 0.01) with BAAT (r = 0.5274), BACS (r = 0.7529), BSEP
(r = 0.6440), OATP1B3 (r=0.7159) and NTCP (r = 0.8052).
However, the correlations between FXR and SHP (r = 0.3610,
P =0.06), CYP7Al(r = 0.1542, P = 0.44) and CYP8B1(r = 0.1689,
P =0.40) or TGR5 and SHP (r = —0.0415, P = 0.84), CYP7Al
(r =0.3473, P = 0.08) and CYP8B1 (r = 0.1237, P = 0.54) were not
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bile acid synthesis
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significant.

3.8. Instestinal bacteria involved in bile acids biotransformation

Deconjugation and dehydroxylation BAs are fulfilled by intestinal
bacteria which possess bile salt hydrolase (Ridlon et al., 2016). Com-
pared with the ileum, increased copy numbers of total bacteria and
Bacteroides and decreased Clostridium was observed in the cecum.
However, no differences in the copy numbers of total bacteria, Bacter-
oides, Clostridium, Lactobacillus and Enterococcus were achieved among
three groups in the ileum after 21 d heat exposure (Fig. 5A). In the
cecum, the total number of bacteria was greater in the PF pigs com-
pared with CON and HS pigs (P = 0.014, Fig. 5B).
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Fig. 2. Relative expression of genes encoding for BA synthesis (A) and transport (B) in liver. Values with the same letter superscripts mean no significant difference
(P > 0.05), while with different letter superscripts mean significant difference (P < 0.05).
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Fig. 3. Expression of BA transporters in ileum (A) and cecum (B) after chronic
heat exposure. Values with the same letter superscripts mean no significant
difference (P > 0.05), while with different letter superscripts mean significant
difference (P < 0.05).

4. Discussion

Besides growth performance, our recent study and many other
studies have found unique regulatory effects in lipid metabolism
(Baumgard and Rhoads, 2013; Wen et al., unpublished data). In the
current study, we noted that BA metabolism was significantly altered in
the pigs exposed to 33 °C for 21 d after a comprehensive investigation of
the BA biosynthesis and intestinal recycling. Heat exposure suppressed
BA synthesis, conjugation uptake and signaling in the liver and mod-
erately affected ileal BA recycle, which consequently lowered serum
TCBAs.

Scattered studies have reported BAs as signature metabolites for
heat stress. When pigs were exposed to 12 h-37 °C exposure per day for
7 days, deoxycholic acid (DCA) and hyodeoxycholic acid (HDCA) were
increased in the cecal fluid (Wang et al., 2016). Ippolito et al. also
observed decreasing BAs, including cholic acid (CA), DCA and all
TCBAs, in plasma of rats after 48 h of HS (Ippolito et al., 2014). Most of
these studies adopted non-target metabolomics methods, which may
not be able to give a full spectrum of BAs. To the best of our knowledge,
it is the first study to profile BA composition in compartments im-
portant to maintain BA homeostasis after heat stress. Here we noted
that liver and serum TCBAs (serum, TUDCA and THDCA; liver, TUDCA,
THDCA, TCDCA, THCA) were decreased in the growing pigs exposed to
33°C for 21 d. TUDCA as a classic endoplasmic reticulum (ER) stress
inhibitor, could alleviate ER stress and restore insulin secretion and
glucose homeostasis (Guo et al., 2017; Lee et al., 2010; Ozcan et al.,
2006). Additionally, THDCA induces biliary lipid secretion (Loria et al.,
1997), and suggests a cytoprotective factor for hepatocytes (Puglielli
et al., 1994). TCBAs are formed with the conjugation of BA and its
substrate taurine. In heat-stressed animals, hyperthermia was
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accompanied by a significant increase of the concentration of taurine,
which acted as cryogenic agents to counteract the resulting hy-
perthermia (Frosini et al., 2002). Taurine posed cytoprotective effects
on hepatocytes under the presence of Ca?* (Nakashima et al., 1996),
which was due to cytosolic Ca®* leakage that was induced by HS (Roti,
2008). In addition, Cassol et al. reported that taurine is closely related
to stress alleviation (Cassol et al., 2010). For instance, a current re-
search indicated taurine supplementation effectively alleviated mi-
tochondrial damage caused by heat exposure (Lu et al., 2018). Reduced
TCBAs levels might be used against heat induced ER stress and cell
damage.

Because TCBAs can either be synthesized in the liver or re-absorbed
from the intestine, it is wondered which route contributes to the re-
duced TCBAs in the HS pigs. Ileum has the highest expression for BA
transporters and FGF19 along the intestinal tract of pigs (Fang et al.,
2018), therefore it is the major site for BA re-absorption. Bile acids can
be re-absorbed via ASBT-mediated active transport or passive transport.
In the ileum, we noted that GUDCA concentration was greater in the
ileal digesta in the HS pigs than the CON pigs. The greater GUDCA
concentration in the digesta suggests a decreased BA recycling in the
ileum of the HS pigs probably due to the overnight fasting, and thus
related to the emptying of the digestive tract. Unlike GUDCA, compo-
sition of BAs conjugated with taurine as well as their high-affinity re-
ceptor ASBT did not show any changes among all treatments. We as-
sume TCBA recycling in the intestine was only moderately modified by
heat exposure. In contrast to the lack of changes in the intestine, in the
liver, a wide range of BA-related genes were down-regulated in the HS
pigs, including critical enzymes for BA synthesis, BA transporters and
regulatory signaling. In the process of BA synthesis, CYP7A1 initiates
the classical pathway by 7a-hydroxylation of cholesterol and CYP27A1
initiates the alternative pathway. These two pathways produce the
majority of PBAs, where the classical pathway may be responsible for
50% or more of the total formation and the alternative pathway may be
responsible for 30-50% (Bjorkhem et al., 2002). CYP8BL is required for
synthesis of CA, maintaining the ratio between CA and chenodeoxy-
cholic acid (CDCA). Under the heat stress condition, as the major
contributor to the total formation of BAs, CYP7A1l and CYP8AI re-
mained unaltered. Accordingly, the level of TBA was maintained in the
liver and serum in the HS pigs. However, CYP27A1 in the alternative
pathway was down-regulated in the HS pigs, suggesting that the al-
ternative pathway rather than the classical way is affected by heat
exposure. In addition to CYP27Al, the two enzymes catalyzing BA
conjugation, BAAT and BACS and BAs transporters, NTCP, OATP1B3
and BSEP, were also down-regulated in the HS pigs. Therefore, heat
exposure is more likely to suppress alternative BA synthesis, conjuga-
tion as well as liver uptake to reduce TCBAs.

Bile acids homeostasis is tightly regulated. The regulatory me-
chanism is very complex and yet incompletely known. Two major ne-
gative feedback regulations have been known for liver BA synthesis.
When BAs are recycled from the ileum, ileocytes can sense BAs and
secrete FGF19/FGF15, which acts on FGFR4/KL in the liver to sup-
press BA-related genes (Russell, 2009). Although its receptor complex
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Fig. 4. Expression of BA signaling in ileum (A), cecum (B) and liver (C) after chronic heat exposure. Values with the same letter superscripts mean no significant
difference (P > 0.05), while with different letter superscripts mean significant difference (P < 0.05).
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Table 3

Pearson correlation among liver bile acid-related genes.

TGR5 SHP FGFR4 KLB CYP7A1 CYP27A1 CYP8B1 BAAT BACS BSEP OATP1B3 NTCP

FXR 0.6806* 0.3610 0.5398* 0.3087 0.1542 0.6758* 0.1689 0.7980* 0.8190* 0.5692* 0.6923* 0.7694*
TGRS —0.0415 0.6814* 0.4803* 0.3473 0.8564* 0.1237 0.5405* 0.6745* 0.6280* 0.6262* 0.6938*
SHP 0.0086 —0.1796 —0.1705 0.0320 0.1385 0.1542 0.2492 —0.0216 —0.0227 0.0625
FGFR4 0.6463* 0.5149* 0.8198* 0.1366 0.4565* 0.5525* 0.6081* 0.5971* 0.7386*
KLB 0.8106* 0.5275* 0.1476 0.2728 0.3977* 0.3843* 0.2760 0.4884*
CYP7A1 0.3960* 0.0668 0.2269 0.3192 0.4199* 0.3064 0.4733*
CYP27A1 0.1348 0.5274* 0.7529* 0.6440* 0.7159* 0.8052*
CYP8B1 0.2651 0.1993 0.0197 0.1779 0.2285
BAAT 0.6733* 0.6558* 0.7943* 0.8117*
BACS 0.4421* 0.7957* 0.8345*
BSEP 0.6010* 0.6746*
OATP1B3 0.9263*

The values in the table is the correlation coefficient, and the value in * indicates the significance level P value (P < 0.05).

in the liver, FGFR4/KLp, was down-regulated in the HS pigs, ileal
FGF19 did not vary among treatments. The enterohepatic feedback
pathway unlikely contributed to suppress BA synthesis and conjugation
in the HS pigs. In addition to the feedback from enterohepatic circu-
lation, BAs in the liver bind to FXR to induce SHP expression, conse-
quently repressing the expression of FXR-target genes, such as CYP7A1,
IBABP, BSEP, NTCP and OATP1B3 (Goodwin et al., 2000; Jung et al.,
2007; Lu et al., 2000). Altered FXR/retinoid X receptor (RXR) activa-
tion in the liver has been reported in heat-stressed dairy cattle (Skibiel
et al., 2018b; Zachut et al., 2017). Here we noted a decreased expres-
sion of FXR in the HS pigs, but SHP expression did not change ac-
cordingly. It should be noted that BAs-induced SHP was very rapid and
transient, which was induced by BAs in an acute phase response (Wang
et al., 2002). Therefore, the involvement of FXR/SHP in modifying BA-
targeted genes after 21-d heat exposure is also excluded. Besides SHP,
FXR, as a potent transcription factor, can directly bind to the promoter
region of FXR target genes. Using CHIP-seq method, Thomas et al.
profiled genome-wide FXR binding activity in the liver and intestine of
mouse, showing a strong binding activity towards genes related to BA
homeostasis (Thomas et al., 2010). Pearson’s correlations also revealed
positive correlations between FXR and CYP27A1, BACS, BAAT, NTCP,
OATP1B3 and BSEP. The down-regulated expression of genes encoding
BA synthesis and conjugation enzymes and BA transporters may be a
result of suppressed FXR expression in the HS pigs. Another explanation
could be a genome-wide down-regulation in gene transcription in heat-
stressed animals (Sgrensen et al., 2005). In heat-stressed C. Elegans,
chaperone production is up-regulated and various metabolic pathways
are down-regulated (Wiegant et al., 2009). This down-regulatory effect
on gene transcription may be caused by DNA methylations or histone
modification. Several studies in pig and cattle have shown that heat
exposure leads to changes in DNA methylation (Hao et al., 2016; Skibiel
et al., 2018a). In frog, global histone acetylation was noted in the liver
during thermal acclimation (Ishihara et al., 2019).

Reduced feed intake during heat stress has always been a concern
for farm animals. Although BAs are essential for fat digestion, how feed
intake can influence BA homeostasis has not been well studied. Fu and

Bacteria, coples/g digesta X>

N
<

Klaassen found 40% caloric restriction increased the BA pool size by
162% in mice (Fu and Klaassen, 2013). In these mice, increased TDCA
and other secondary BAs were correlated with increased expression of
CYP7A1 and BACS in the liver (Fu and Klaassen, 2013). Opposite to
their results, we noted a 40% feed restriction in growing pigs led to
decreased TCBAs in the serum, liver and ileum. Meanwhile, CYP27A1
and BSEP were down-regulated in the liver of the PF pigs. This great
discrepancy between the two studies could come from different re-
striction methods. In our study, we restrictedly fed pigs without bal-
ancing other nutrients. In the work of Fu and Klaassen, the mice were
on a 60% of normal feed intake but were fed with a nutrient-con-
centrated diet to ensure sufficient nutrients except energy intake. By
comparing the HS to the PF group, we noticed differences in the liver
BA-related gene expression despite of a similar pattern in the TCBAs,
where FXR, BAAT, BACS, NTCP and OATP1B3 were higher in the PF
group than the HS group. Down-regulations in FXR and FXR-target
genes in the liver were independent of reduced feed intake in the HS
pigs. Therefore, reduced feed intake only partially contributes to the BA
homeostasis in the HS pigs.

The majority of BAs in the liver are conjugated with either glycine
or taurine. Conjugated BAs are subjected to deconjugation and dehy-
droxylation by bacteria residing in the large intestine. We have pre-
viously shown abundance of Bacteroides was positively and Clostridium,
Lactobacillus and Enterococcus were negatively correlated with sec-
ondary BAs in pigs (Zhang et al., 2018). Here, we confirmed with ab-
solute quantification methods that total bacteria and Bacteroides were
increased but Clostridium was decreased in the cecum compared with
the ileum. The transformation from primary BAs into secondary BAs
mostly occurred in the cecum and colon (Ridlon et al., 2006; Fang et al.,
2018). In our study, the increase of SBA (LCA and UDCA) and decrease
of PBA (CDCA and HCA) in the cecum was primarily the result of the
conversion of PBA to SBA by Bacteroides and Clostridium, as already
shown by Zhang et al. (2018). In addition, the increase in unconjugated
BAs from the ileum to the cecum, together with the high abundance of
microbiota in the cecum compared to the ileum, suggests that the
bacteria were responsible for the deconjugation of BA, in agreement

Bacteria, coples/g digesta [0

Fig. 5. Bacteria involved in BA biotransformation in ileum (A) and cecum (B). Values with the same letter superscripts mean no significant difference (P > 0.05),

while with different letter superscripts mean significant difference (P < 0.05).
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with Masuda (2013). Several publications reporting altered gut mi-
crobiome in heat-stressed animals (Contreras-Jodar et al., 2019; Shi
et al., 2019). Surprisingly, BA-related bacteria in the ileum and cecum
were not affected by 21-d heat exposure or 40% feed restriction despite
of a slight increase of total bacteria in the cecum of the PF pigs. The
unaltered BA-related bacteria suggested BA-related bacteria community
were quite resistant to such treatments. Although cecum is one of the
major intestinal compartments for BA metabolism, it is not completely
known how cecal BAs contribute to the whole-body BA homeostasis. In
the large intestine, TGR5 is mainly located in enteroendocrine L cells.
Activation of TGR5 by BAs can stimulate GLP-1 release in the large
intestine. Therefore, BAs can regulate postprandial glucose homeostasis
(Thomas et al., 2009) and gut motility (Alemi et al., 2013). Our pub-
lished data have shown that heat exposure increased serum glucose and
liver insulin signaling (Xin et al., 2018). In this study, the down-regu-
lated TGRS in the HS pigs was correlated with the GLP-1 coding gene
(r = 0.53, P = 0.005, data not shown). Altogether, this may indicate
that chronic HS affects the production of glucose in the liver to main-
tain glucose balance, regulated by GLP-1 trough TGR5.

In conclusion, chronic heat exposure can greatly suppress liver ac-
tivity of synthesis and uptake of TCBAs, which are known as chaperons
against ER stress. This could be deleterious to normal function of cells
experiencing heat stress. Although TCBAs are decreased in the HS pigs
as well as their PF counterparts, the regulatory mechanisms are dif-
ferent. During long-term heat exposure, down-regulated FXR seems to
be the trigger for suppression of genes for BA synthesis, conjugation and
transport. However, more work needs to be done to validate these
hypotheses in the future.
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