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Abstract 

High cardior espirator y fitness and exercise show e vidence of altering bile acid (B A) meta bolism and ar e known to pr otect or 
treat diet-induced hepatic steatosis, respectively. Here, we tested the hypothesis that high intrinsic aerobic capacity and 

exercise both increase hepatic BA synthesis measured by the incorporation of 2 H 2 O. We also lev era ged mice with inducible 
li v er-specific deletion of Cyp7a1 (LCyp7a1KO), which encodes the rate-limiting enzyme for BA synthesis, to test if 
exercise-induced BA synthesis is critical for exercise to reduce hepatic steatosis. The synthesis of hepatic BA, cholesterol, 
and de novo lipogenesis was measured in rats bred for either high (HCR) or low (LCR) aerobic capacity consuming acute and 

chronic high-fat diets. HCR rats had increased synthesis of cholesterol and certain BA species in the liver compared to LCR 

rats. We also found that chronic exercise with v oluntar y wheel running (VWR) (4 weeks) increased newly synthesized BAs 
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of specific species in male C57BL/6J mice compared to sedentary mice. Loss of Cyp7a1 resulted in fewer new BAs and 

incr eased li v er trigl ycerides compar ed to contr ols after a 10-week high-fat diet. Additionall y, exer cise via VWR for 4 w eeks 
effecti v el y r educed he patic trigl ycerides in the high-fat diet-fed contr ol male and female mice as expected; howev er, 
exercise in LCyp7a1KO mice did not lower li v er trigl ycerides in either sex. These r esults show that aer obic capacity and 

exercise increase hepatic BA metabolism, which may be critical for combatting hepatic steatosis. 

Ke y w ords: li v er; meta bolism; cholester ol synthesis; de nov o lipogenesis; meta bolic associated steatotic li v er disease; 
Cyp7a1 
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etabolic dysfunction-associated steatotic liver disease 
MASLD) is a global epidemic that is associated with metabolic
omorbidities. 1 MASLD encompasses a spectrum of li v er dis-
ases that begin with the excess accumulation of liver fat
 ≥5% of li v er weight) and can pr ogr ess to meta bolic-associated
teatohepatitis with inflammation and liver injury. Without
ntervention, MASLD can lead to irreversible fibrosis (ie, cir-
hosis) and an increased risk of liver cancer (ie, hepatocellular
arcinoma). 2 Although pharmaceutical treatments for MASLD 

ontinue to be evaluated, lifestyle modifications, primarily
xercise and dietary changes, remain first-line interventions.
n humans, aerobic exercise training impr ov es aer obic capacity
ie , cardiorespir atory fitness) while reducing liver triglycerides, 3 

hich is recapitulated in rodent models. 4 Importantly, the
ffect of aerobic exer cise tr aining to combat hepatic steatosis
ccurs without weight loss. In addition, lower aerobic capacity

ndependent of body weight has been r e ported to be associated
ith MASLD in humans and rodent models. 5–8 However, the
echanisms by which aerobic capacity and aerobic exercise

raining pr ev ent and tr eat he patic steatosis r emain largel y
nknown. 

Elevated fatty acids released from adipose tissue and diet,
r eater he patic de nov o lipogenesis (DNL) fr om carbohy-
r ates/glucose , and reduced metabolism of fatty acids (fat oxi-
ation, FAO) have all been implicated as causes of MASLD. 9 Uti-

izing rats br ed ov er sev eral generations for intrinsic aerobic
apacity differences, we have shown that high-capacity run-
ers (HCR) have higher hepatic mitochondrial oxidative capac-

ty (ie, FAO) and are protected from MASLD after exposure to
oth an acute or chronic high-fat diet (HFD). 6–8 However, low-
apacity runner rats, with their reduced intrinsic aerobic capac-
ty and lower hepatic oxidative capacity, are highly susceptible
o developing steatosis induced by acute and chronic HFD. Our
ecent findings demonstrate that HCR rats ha ve ele vated gene
xpression in the cholesterol and bile acid synthesis pathway (ie,
mgcr and Cyp7a1 ) and increased fecal bile acid loss compared

o LCR rats. 10 , 11 In addition, aerobic exer cise tr aining was shown
o increase fecal bile acid loss in LDL r ece ptor ( Ldlr ) knockout

ice. 12 Further, bile acid sequestrants and the ov er expr ession
f cholesterol 7 α-hydroxylase ( Cyp7a1 ), the rate-limiting enzyme

n bile acid synthesis, also increase fecal bile acid loss and
r otect r odents fr om steatosis and meta bolic derangements of
iet-induced obesity. 13–15 Elevated hepatic free cholesterol lev-
ls ar e observ ed in patients with MASLD, and animal models
ave confirmed the role of increased hepatic free cholesterol in
r omoting MASLD pr ogr ession. 16 , 17 Because cholesterol is a sub-
trate for bile acid metabolism, increases in bile acid synthesis
ombined with increased fecal bile acid loss and overall bile acid
urnover could lower cholesterol. In fact, fecal loss of choles-
erol and bile acid is the sole method of cholesterol elimination.
owever, it is unclear if aerobic capacity and exercise training
ir ectl y upr egulates bile acid synthesis and if this is critical for
he benefits of exercise in treating MASLD. Thus, we hypothesize
hat high aerobic capacity and aerobic exercise training exert
heir pr otection a gainst MASLD by pr omoting bile acid synthe-
is. 

Total bile acid concentration can be quantified by enzymatic
ssay or by modern liquid c hromatogr aphy-tandem mass spec-
r ometr y (LC-MS/MS), while inference of bile acid synthesis most
ommonl y r elies on surr ogates of CYP7A1 enzyme activity, such
s 7-hydroxy-4-cholesten-3-one (C4). Here, we used a deuterated
ater ( 2 H 2 O) tr acer, whic h is commonly used to determine the

ractional synthesis of lipids, including sterols, 18–26 and analo-
ous assumptions have been applied to bile acid synthesis using
 H 2 O. 27 F r actional bile acid, c holesterol, and lipid synthesis w ere
uantified in sedentary HCR and LCR rats provided short-term (1
 eek) and c hronic (20 w eeks) HFD. Bile acid synthesis was acti-

ated in HCR rats in response to HFD. Mor eov er, these effects
er e r ecapitulated by chr onic exer cise tr aining (via v oluntar y
heel running (VWR)) in mice. We further found that inducible

i v er-specific Cyp7a1 knockout mice had lower bile acid synthe-
is and were resistant to the effects of aerobic exercise train-
ng (VWR) to reduce liver triglycerides, suggesting that exercise
raining-induced bile acid synthesis is critical for the beneficial
ffects of exercise that treats or protects against steatosis. 

aterials and Methods 

thical Appro v al 

ll pr otocols wer e appr ov ed by the Institutional Animal Care
nd Use Committee at the Uni v ersity of Kansas Medical Cen-
er (KUMC, animal pr otocol n umber 2021-2614). All experiments

art/zqaf019_gra.eps
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ere carried out following the Guide for the Care and Use of Lab- 
rator y Animals pub lished by the National Institutes of Health 

NIH Guide, 8th ed., 2011) and adhere to the American Physio- 
ogical Society’s Guiding Principles in the Care and Use of Ver- 
ebrate Animals in Research and Training. Male rats and mice 
ere single-housed in a reverse 12 h:12 h, dark: light cycle. For 

erminal pr ocedur es, r ats and mice w ere anesthetized with pen- 
obarbital sodium (100 mg/kg), corresponding to the beginning 
f the dark cycle. 

igh-Capacity and Low-Capacity Rat Study 

he HCR and LCR rat model was developed and c har acterized 

t the Uni v ersity of Toledo as pr eviousl y described 

6–8 , 28 , 29 and 

hipped to KUMC for the study. At 25-30 weeks of age, animals 
er e singl y housed (12:12-h light-dark cycle, 24–26 ◦C). Two dif- 

erent sets of HCR and LCR r ats w ere used for the 1-week ( n = 8)
nd 20-week ( n = 10) diet interventions. Only male r ats w ere 
sed in these studies, as females do not develop hepatic steato- 
is on HFD. 

During the 1-week study, 64 male rats (32 HCRs, 32 LCRs) 
ere acclimatized to the control low-fat diet (LFD; D12110704: 

0% kcal fat, 3.5% kcal sucrose, and 3.85 kcal/g, Research Diets, 
ew Brunswick, NJ) for at least 2 weeks before half of each 

CR and HCR group ( n = 16) were transitioned to a high-fat 
iet (D12451: 45% kcal fat, 17% kcal sucrose, and 4.73 kcal/g, 
esear c h Diets). The other half remained on LFD for 1 week. 
n the evening before the termination of the experiment at 5 

m , r ats w er e gi v en intraperitoneal 2 H 2 O (DLM4-1, Cambridge
sotope Laboratories, Inc., Andover, MA) injections at a dose 
f 15 μL/g. This dose was estimated to enrich body water to 
4% 

2 H 2 O. After dosing, rats wer e subsequentl y pr ovided 4% 

 H 2 O drinking water for the remainder of the experiment. Half 
f the rats from each group in the 1-week study were fasted 

vernight ( ∼4 pm -8 am ) (FASTED), while the remaining animals 
ad access to food (FED), allowing us to determine metabolic 
ffects (ie, DNL, cholesterol synthesis, and bile acid synthesis) 
f feeding status across strains ( n = 8 per group). The mea- 
urements of food intake, body mass, and body composition 

MRI model 900; EchoMRI, Houston, TX) were taken before and 

fter the 1-week intervention. Rats were placed in clean cages 
ust prior to the 1-week diet intervention, and all fecal mat- 
er was collected from each cage at the end of the 1-week 
tudy. 

For the 20-week study, 40 rats (20 HCR, 20 LCR) were accli- 
ated to a control low-fat diet (LFD) for at least 2 weeks and 

hen randomly assigned to either continue on the LFD or switch 

o an HFD for 20 weeks ( n = 10 per group). All rats had ad libitum
ccess to food until euthanasia. Food consumption was mea- 
ur ed weekl y and av era ged ov er the 20-week interv ention. Body
ass and composition were measured before and after the 20- 
eek intervention. Similar to the 1-week study, rats r ecei v ed 

n intraperitoneal injection of 2 H 2 O the ev ening befor e ( ∼5 pm )
uthanasia and were provided with 4% 

2 H 2 O drinking water for 
he remainder of the study. Tissue processing and euthanasia for 
oth the 1-week and 20-week studies were conducted between 

0 am (start of the dark cycle) and concluded before 11:30 am . 
mmediately following euthanasia, blood, liver, and small intes- 
ine samples were collected. A segment of the small intestine, 
rom the duodenum to the beginning of the ileum, was excised, 
nd the luminal contents were removed. Tissues were snap- 
rozen in liquid nitrogen and stored at −80 ◦C. Blood samples 
er e ke pt on ice for 30 min, then centrifuged at 7000 × g for
0 min at 4 ◦C. The resulting serum was collected and stored at
80 ◦C. 

ouse Voluntary Wheel Running Study 

ale C57Bl/6J mice (10-12 weeks old; The Jackson Laboratory) 
er e singl y housed near thermoneutrality (12:12-h r ev erse light- 
ark cycle; ∼30 ◦C) with ad libitum access to water and food. Half
f the mice were provided with voluntary running wheels (VWR) 
or 4 weeks, while the other half were maintained in a sedentary 
ondition ( n = 8 per group). During the intervention, all mice 
ere on an HFD. To eliminate acute exercise as a confounding 
 aria b le, running wheels were removed from the hub and placed
n the side in VWR cages 24 h prior to tissue collection. Tis-
ue and serum collection were conducted as described for the 
at study and were conducted between 10 am (start of the dark 
ycle) and concluded prior to 11:30 am . The administration of 
 H 2 O occurred at ∼5 pm the night before termination. Mice were 
nly euthanized in the fed condition. 

i v er-Specific Cyp7a1 Knockout Study 

t 10-14 weeks of age, male and female C57BL/6J mice with 

o xed e xons 2-4 of the Cyp7a1 gene ( Cyp7a1 fl/fl, GenePharmat-
c h, Cambridge , MA, T009224) w er e singl y housed at ther-
oneutrality (12:12-h r ev erse light-dark cycle; ∼30 ◦C) with 

d libitum access to an HFD to induce hepatic steatosis. 
fter 4 weeks on the HFD, Cyp7a1 fl/fl mice were randomly 
ssigned to r ecei v e either an intraperitoneal injection of con- 
rol adeno-associated virus 8 (AAV8)-thyroxin-binding globu- 
in pr omoter (TBG)-GFP (Contr ol, Ctrl) or AAV8-TBG-Cr e lead- 
ng to li v er-specific Cyp7a1 knockout (LCyp7a1KO). Two weeks 
ost-injection, mice either r emained sedentar y (SED) or were 
i v en access to VWR for daily exercise for 4 weeks to treat
e patic steatosis, r esulting in 4 gr oups: Ctrl/SED, Ctrl/VWR, 
Cyp7a1K O/SED , and LCyp7a1KO/VWR ( n = 6-8 per group in both
ales and females). To eliminate acute exercise as a confound- 

ng v aria b le , running wheels w er e r emov ed fr om the hub and
laced on the side in VWR cages 24 h prior to tissue collection.
issue and serum collection were performed as described for the 
at study, including administration of 2 H 2 O the night before ter- 

ination at 5 pm . In addition, a small portion of fresh liver tis-
ue was fixed in 10% formalin, embedded in paraffin, and sec- 
ioned. Hematoxylin and eosin staining was performed to visu- 
lize intrahepatic lipid content. All mice were euthanized in the 
ed state. 

ody Composition Analysis 

ody composition and body mass were measured as previously 
escribed on the day of tissue collection. 8 , 30 Body composition 

as determined by quantitative magnetic resonance imaging 
sing an Ec hoMRI-1100 (Ec hoMRI, TX). Fat-free mass (FFM) was 
alculated as the difference between body weight and fat mass 
FM). 

ntestine and Fecal Total Bile Acids 

he small intestine was frozen and powdered under liquid nitro- 
en. Rats and mice within the LCyp7a1 VWR study r ecei v ed fr esh
ages 7 days prior to euthanasia, and a total of 7 days of fecal
xcr etion w as collected fr om indi vidual ca ges. For the rat study,
ue to the 7-day collection period and the short duration of the 
vernight fast, fecal samples represent a combination of both 
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ed (6 days) and fasted states (1 night). Intestinal tissue (100 mg)
nd feces (100 mg) were weighed, then homogenized using a
issueLyzer II (Qiagen, Germantown, MD) bead homogenizer in
 mL of 100% EtOH. Samples were sealed in parafilm and heated
vernight at 50 ◦C, then centrifuged at 1635 × g for 20 min. The
upernatant was used to measure total bile acid concentration
ith a commercially available colorimetric kit (DZ042A-KY1/- 
AL; Diazyme Laboratories, Inc., P owa y, CA). To account for total
ile acid content, bile acid concentration was multiplied by total

ntestinal or fecal weight (from a 1-week collection). Intestinal
nd fecal bile acid values were corrected for body weight to con-
rol for significant differences in body mass. 

ecal Energy Measurements 

omogenized fecal matter was weighed and pressed into pel-
ets using a Pellet Press ( ∼600 mg) (2811; Parr Instruments,

oline, IL). R O w ater (2 L) w as weighed out to 2000 g ± 0.5 g
n a calorimetry bucket (A391DD; Parr Instruments, Moline, IL),
hen placed into a 6100 Compensated Calorimeter (6100EA; Parr
nstruments, Moline, IL). Fecal pellets were weighed to 0.0001 g
nd placed into a fuel capsule (43AS; Parr Instruments, Moline,
L). An ignition thread (845DD; Parr Instruments, Moline, IL) was
ied to the fuse wire of an Oxygen Combustion Vessel (1108P;
arr Instruments, Moline, IL) before placing the pellet-fuel cap-
ule into the vessel and sealing it. An oxygen supply was con-
ected to the vessel’s inlet v alv e and then filled to the recom-
ended pr essur e of 450 psig. After the v essel w as pr essurized
ith oxygen, the ignition wires of the calorimeter were con-
ected to the vessel before being placed into the water-filled
alorimetry bucket in the calorimeter. The sample ID and mass
er e enter ed into the calorimeter prior to starting the system.

o account for total energy content, energy concentration was
ultiplied by total fecal weight (from a 1-week collection) and

orrected for body weight. 

erum Biological Assay 

erum alkaline phosphatase (ALP), aspartate aminotr ansfer ase
AST), alanine aminotr ansfer ase (ALT), albumin, total protein,
 lood ur ea nitr ogen (BUN), cholester ol, glucose, and trigl yc-
ride measur ements wer e anal yzed by a commercial la bo-
ator y, IDEXX BioAnal ytics (North Grafton, MA). Serum β-
ydr oxybutyrate w as determined using a commerciall y av ail-
 b le kit (2440-058; EKF Diagnostics, Boerne, TX). Serum non-
sterified fatty acids (NEFAs) were determined using a commer-
iall y av aila b le kit (NC9517308, −09, −10, −11, −12; FUJIFILM
edical Systems, USA). Serum insulin was determined using a

ommerciall y av aila b le ELISA kit (80-INSRT-E01; ALPCO, Salem,
H). 

ene Expression Analysis 

N A was extr acted using RNeasy Mini Kit following the man-
facturer’s instructions (74 104; Qiagen, Hilden, DE). Liver gene
xpr ession pr ofiles wer e assessed via bulk RNA sequencing
s pr eviousl y described. 31 Isolation of polyA RNA and con-
truction of barcoded RNA-seq libraries were performed using
ruSeq r ea gents according to man ufactur er’s pr otocols (Illu-
ina). Quantification of the RNAseq libraries was done using
ubit dsDNA high sensiti vity r ea gents, diluted, denatured, and
equenced using Illumina methodology (HiSeq 2500, 50 bp sin-
le reads). Following sequencing and demultiplexing, reads were
rimmed for adapters, filtered based on Phred quality score, and
ligned to the rat genome using the STAR aligner. Resulting
bam files were imported in SeqMonk for gene-level quantifi-
ation. Differ ential expr ession w as conducted with functions in
he limma pac kage , and analysis, including PCA, was performed
sing functions in base R. Plotting was done using the ggpubr
ac kage . RN A-seq quality metrics, including the proportion of
eads aligning to genic re gions, w ere calculated. Pairwise com-
arisons between HCR and LCR groups within each diet type
ere performed, and differentially expressed genes were iden-

ified ( P < .05 and minimum + 2-fold change). Multiple testing
orr ections wer e done using the FDR method. Additional analy-
es were performed using packages in the R statistical software,
hinyGO app, and Gene Set Enrichment Analysis Java applica-
ion (Broad Institute). 

For the Cyp7a1KO study, hepatic RNA and cDN A w er e pr e-
ared as previously described. 10 Real-time quantitative PCR
as performed utilizing Prism 7000 and SYBR green primer for
yp7a1. Gene expression was normalized to peptidylprolyl iso-
erase B (PPIB) and expressed as fold change compared with the
CR control group. 

erum Bile Acid Profiling by LC-MS/MS 

erum bile acid concentrations were quantified by the Univer-
ity of Oklahoma, La borator y for Molecular Biology and Cytom-
try Resear c h Meta bolomics Cor e (Oklahoma City, OK) using LC-
S methodology as performed pr eviousl y. 32 300 μL of serum
as thawed then vortexed with 600 μL of methanol (MeOH)

nd incubated on ice for 1 h to pr ecipitate pr otein. The mix-
ur e w as centrifuged at 15 000 × g at 4 ◦C for 20 min. Super-
atant w as transferr ed to a new Eppendorf tube and dried
ith Speed-Vacuum. Samples wer e r esuspended in 200 μL of

cetonitrile/H 2 O (30:70, v/v) with 0.1% formic acid, including
00 ng/mL of d8-glycoc henodeoxyc holic acid as internal stan-
ard, sonicated for 10 min in water bath, and the supernatant

100 μL) was used for MS analysis. 

issue Bile Acid Concentr a tion and 

2 H Enrichment 
easured by LC-MS/MS 

A detection was based on a pr eviousl y r e ported method
ith modification. 33–36 Briefly, 10 μL of 0.1 μg/ μL d9-tauro-
 henodeoxyc holic acid (d9-TCDCA) internal standard was added
o the li v er tissues (appr oximatel y 30 mg), and the tissue w as
nely homogenized in 500 μL ice cold MeOH/H 2 O (85:15, v/v) in
 2.0-mL pre-filled Bead Ruptor Tubes (2.8 mm ceramic beads,
mni International, Kennesaw, GA, USA). After centrifugation

1635 × g for 10 min) to precipitate the proteins, the supernatant
 as transferr ed to a new tube and dried under N 2 . To the dried

amples, 150 μL of MeOH/H 2 O (50:50, v/v) with 0.1% formic acid
as added before MS analysis. 

LC-MS/MS c hromatogr aphic separ ation of bile acids was per-
ormed using a r ev erse phase C8 column (Phenomenex Luna C8,
50 × 2.0 mm, 3 μm) at a flow rate of 0.2 mL/min. The mobile
hase consisted of MeOH/H 2 O (2:98, v/v) with 0.0125% acetic
cid (eluent A) and ACN/H 2 O (95:5, v/v) with 0.1% formic acid
eluent B). The gradient pr oceeded fr om 25% to 40% B over 12

in and then 40%–75% B over 12 min. The column was washed
ith 100% B for 10 min and equilibrated with 25% B for 10
in between injections. Bile acids were detected by an API 3200

riple-quadrupole LC-MS/MS (AB Sciex, MA) oper ated in ne gati v e
onization mode. The ion source parameters were set as follows:
urtain gas: 20 psi, ion spray v olta ge: −4000 V, ion source temper-
ture: 300 ◦C, and nebulizing and drying gas: 30 and 40 psi. The
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S/MS system was operated in multiple reaction monitoring 
MRM) mode, and MRM transition for each compound were auto- 

atically set up by direct infusion of each individual standard. 
he declustering potential, collision energy, entrance potential, 
nd cell exit potential were −120 V, −120 V, −10 V, and −8 V. 
n m / z value of 80 (SO 3 

− anion from the taurine moiety) was 
elected as the common product ion for all the taurine conju- 
ates, taur o- α-m uricholic acid (T αMCA), taur o- β-m uricholic acid 

T βMCA), taurocholic acid (TCA), tauro-c henodeoxyc holic acid 

TCDCA), and tauro-deoxycholic acid (TDCA). Mass to charge 
 m/z ) values of 498.2 (TCDCA and TDCA), 514.2 (TMCA and TCA), 
nd 507.2 (d9-TUDCA) were selected as precursors. MRM tran- 
itions for m0, m1, m2, m3 mass isotopologues of deuterated 

 αMC A, T βMC A, TC A, TCDC A, TDC A, and d9-TCDC A internal
tandard are summarized in Table S1 . Given the existence of 
sobaric structures in the bile acid pool, we optimized r ev erse 
hase LC detection against a mixture of bile acids as reported 

y Han et al. 37 Structural isomers, T αMCA, T βMCA, and TCA, 
hare the same MRM transitions but were chromatographi- 
all y se parated. TUDC A, TCDC A, and TDC A isomers were also 
aseline-separ ated ( F igure S1 ). Calibr ation curves w ere con- 
tructed with a fixed amount of d9-TCDCA internal standard. 
alues for the slope, intercept, and correlation coefficient were 
btained by linear-r egr ession anal ysis of the calibration curv es. 
he area under each analyte peak, relative to the internal stan- 
ard, was used to calculate the analyte concentrations in li v er 
amples. 

i v er Cholesterol Concentr a tion and 

2 H Enrichment 
easured by HR-Orbitrap-GCMS 

ppr oximatel y 20 mg of tissue was weighed and homogenized 

ith 1 mL of MeOH/dichloromethane (DCM) (1:1, v/v) in 2.0-mL 
re-filled Bead Ruptor Tubes. Tubes were washed twice with 

 mL MeOH/DCM, and all solutions were combined. Samples 
er e v ortexed and then centrifuged for 5 min at 1635 × g . 50
L of 0.05 μg/ μL d7-cholesterol was added to 2 mg of super- 
atant and dried under N 2 . Dried extracts were saponified 

ith 1 mL of 0.5 M KOH in MeOH at 80 ◦C for 1 h. Lipids were
xtracted with DCM/water before evaporation to dryness. The 
ried lipid extract w as deri v atized by incubation at 75 ◦C for 1 h
ith 100 μL acetyl c hloride . The sample w as ev aporated to dr y-
ess under N 2 and w as r econstituted in 100 μL iso-octane for 
nalysis by GCMS. 

The 2 H-enrichment of cholesterol (m0, m1, m2, m3 isotopo- 
ogues of deuterated cholesterol) was determined using a Q 

xacti v e GC-orbitrap MS (Thermo Scientific). 1 μL of sample was 
njected onto an HP-5 ms capillary column (60 m × 0.32 mm i.d., 
.25 μm film thickness) in split mode. Helium gas flow rate was 
et to 13.5 min of 1 mL/min for the initial injection, followed by 
.4 mL/min for 5 min befor e r eturning to 1 mL/min. The GC injec-
or temperature was set at 250 ◦C, and the transfer line was held 

t 290 ◦C. The column temperature was set to 200 ◦C for 1 min 

nd increased by 20 ◦C/min before reaching 320 ◦C over 16 min. 
amples wer e anal yzed at 70 eV in EI mode by targeted selected 

on monitoring (t-SIM) at 240 000 mass resolution (FWHM, m / z 
00). Tuning and calibration of the mass spectrometer were per- 
ormed using perfluorotributylamine (FC-43) to achieve a mass 
ccuracy of < 0.5 ppm. The quadrupole was set to pass ions 
etween m / z 246.24 and 252.24. The Orbitrap automatic gain 

ontr ol target w as set to 5e 4 with a maximum injection time 
f 54 ms. Cholesterol concentration was calculated from the 
rea ratio of the peaks corresponding to cholesterol ( m / z 247.242) 
nd the D7-cholesterol internal standard ( m / z 254.286) with full 
can mass ranges 240-260 m / z . Extraction of individual high- 
 esolution m / z v alues r e pr esenting each isotopomer ion w as
one using Tr aceF inder 4.1 (Thermo Scientific) with 4 ppm mass 
oler ance . 

rigl yceride Palmita te Concentr a tion and 

2 H 

nrichment Measured by HR-Orbitrap-GCMS 

i v er palmitate was measured as previously reported 

20 and fol- 
owed the same sample pr e paration as described for cholesterol 
nal ysis, exce pt the dried lipid extract w as r esuspended in 50
L of 1% triethylamine/acetone and reacted with 50 μL of 1% 

entafluor obenzyl br omide/acetone for 30 min at room temper- 
ture. To this solution, 1 mL of iso-octane was added before MS 
nalysis. The 2 H-enrichment of palmitate was determined using 
R-Orbitrap-GCMS as pr eviousl y described. 20 

ody Water Enrichment Measured by 

R-Orbitrap-GCMS 

erum samples were dissolved in acetone under alkaline condi- 
ions dir ectl y in the autosampler vial, as pr eviousl y r e ported. 20 

n brief, 5 μL of serum sample, 2 μL of 10 M sodium hydroxide,
nd 5 μL of acetone were added to a threaded GC vial. Samples
ere incubated overnight at room temperature prior to analy- 

is. Calibration standards of known 

2 H-mol fraction excess were 
r e par ed by mixing weighed samples of naturall y la beled w ater
nd of 99.9% 

2 H 2 O. Negati v e chemical ionization mode (NCI) was
sed with t-SIM acquisition ( m / z 55.5-60.5) and 60 000 mass res-
lution (FWHM, m / z 200) on the same HR-Orbitrap-GCMS instru- 
ent as described pr eviousl y. 20 

ractional Synthesis of Palmitate, Cholesterol, and Bile 
cids 

he fractional synthesis of palmitate, cholesterol, and bile acids 
as calculated using the following equation: 

F r actional synthesis = 

Analyte enrichment 
( Water enrichment × n ) 

× 100 . (1) 

Palmitate , c holester ol, and bile acid anal yte 2 H enrichment 
er e determined fr om mass isotopomers m1 ( 2 H 1 ), m2 ( 2 H 2 ), and
3 ( 2 H 3 ), as described a bov e, and corr ection for naturall y a bun-

ant isotopes was made using the MID of a biological sample 
collected without 2 H 2 O administration) and a matrix correction 

lgorithm. Analyte 2 H enrichment = 

2 H 1 + ( 2 H 2 × 2) + ( 2 H 3 × 3).
 is the number of deuterium e xchangeable hydro gens in each 

nalyte and can be experimentally determined from the bino- 
ial distribution of their MIDs. 23 , 26 , 38 Palmitate was previously 

ound to have n = 22. 20 The partial cholesterol fragment ( m / z 247)
as determined to have n = 20, which is pr oportionall y similar

o the full cholesterol ion pr eviousl y r e ported. 23 Assignment for
aMCA n = 14, TbMCA n = 10, TCA n = 14, TCDCA n = 18, TDCA
 = 10 were made from their MIDs based on the assumption of
ormal binomial distributions. 

easurement of Li v er Triglycerides 

ntrahe patic trigl yceride (TAG) measur ement w as performed 

ith methods adjusted from previously described. 6 , 28 Briefly, 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
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5 mg of li v er tissue w as homogenized in tissue lysis buffer
50 m m HEPES, 12 m m sodium pyrophosphate, 100 m m sodium
uoride, 10 m m EDTA, 2% SDS). The homogenate was cen-
rifuged at 8000 × g for 10 min at room temper ature , and the
upernatant was collected. Protein concentration was deter- 
ined using a Pierce BCA Protein Assay Kit (Thermo Fisher Sci-

ntific). For hepatic lipid extraction, 500 μg of pr otein w as mixed
ith 1 mL of chloroform: methanol: acetic acid (2:1:0.15, v/v/v).
he mixture was centrifuged at 1000 × g for 20 min at 4 ◦C. A 500
L aliquot of the organic phase was collected. The remaining

issue lysate was re-extracted with an additional 1 mL of chloro-
orm: methanol: acetic acid, and centrifuged again at 1000 × g at
 

◦C. A 750 μL aliquot of the organic phase was collected from this
econd extraction. The 2 organic extracts (total volume: 1.25 mL)
er e combined, ev aporated to dr yness, and r econstituted in a

:2 (v/v) butanol: Triton X-114 mixture. Hepatic TAG levels were
uantified using a commercially available kit (Sigma, TR0100-
KT), and data were expressed as TAG content per milligram of
rotein. 

tatistics 

easurements at 1 week and 20 weeks in the HCR and LCR
 ats w er e anal yzed inde pendentl y. Anthr opometrics and energy
ntake are only reported for the FED groups from the 1-week
tudy and were analyzed using 2-way ANOVA (strain × diet) fol-
owed b y Tuke y’s m ultiple comparisons test. A 3-w ay ANOVA
strain × diet × feeding status [FED or FASTED]) was used to ana-
yze intestinal, liver, and serum bile acids, serum metabolites,
NL, and cholesterol synthesis, followed b y Tuke y’s multiple
omparisons test when a significant interaction was observed.
ll fecal measurements were corrected for body weight due to
ignificant differences in body mass between HCR and LCR rats.
ED and FASTED fecal measurements during the 1-week study
ere pooled together (animals were only fasted 1 night prior

o sacrifice while feces were collected over 7 days) according
o strain and diet then analyzed using 2-way ANOVA (strain

diet) followed by Tukey’s multiple comparisons test. All 20-
eek measur ements, exce pt bile acid synthesis, wer e anal yzed
sing 2-way ANOVA (strain × diet) followed by Tukey’s multi-
le comparisons test. Bile acid synthesis measurements were
nalyzed using an unpaired T-test. In wild-type mice studies,
omparisons of bile acid synthesis between VWR and seden-
ar y wer e made via unpair ed T-test. LCyp7a1KO w as anal yzed
ithin sex utilizing 2-way ANOVA (Genotype × VWR). Statistical

nal yses wer e performed in Prism 10 (GraphPad Softw ar e, San
iego , C A). 

esults 

CR Rats Display Less Weight Gain and Changes in 

irculating Lipids on an HFD 

s expected, body mass and percent FM were greater, while the
ercent lean mass was reduced in LCR strain at the end of the
-week than HCR counterparts (main effect of strain, P < .05,
a b le S2 ). One week of an HFD significantly increased body mass,
hich was influenced by increases in FM (main effect of Diet,
 < .05). However, a diet and strain interaction r ev ealed this was
ri v en by the LCR fed an HFD, as they had a significantly greater

ncrease in FM ( P < .05), which was not observed in the HCR rats
ed HFD. This effect was influenced by increased energy intake
rom the diet (main effect of diet, P < .05) by LCR rats on the HFD
 P < .05), which was not observed in HCR rats. 
Serum metabolic data for 1 week are shown in Ta b le S3 . The
utritional state (ie, Fed vs. Fasted) affected all v aria b les exce pt
erum NEFAs in the 1-week HFD condition (main effect of fast-
ng, P < .05). Surprisingly, ALP, AST, and ALT were significantly
ow er in LCR r ats than matc hed HCR r ats (main effect of strain,
 < .05). Serum cholesterol, triglycerides, and NEFA were higher
n LCR compared to HCR rats (main effect of strain, P < .05).
erum insulin was generally lower in LCR rats than in HCR coun-
erparts (main effect of strain, P < .05). The HFD increased ALP,
UN, and β-hydroxybutyrate while decreasing cholesterol levels

main effect of diet, P < .05). However, a strain × diet interaction
 ev ealed that HFD incr eased BUN in LCR while decreasing BUN
n HCR ( P < .05). 

In the 20-week HFD study, body mass, and percent FM
er e gr eater, while percent lean mass was reduced in the LCR

ats compared to HCR rats regardless of diet (main effect of
train, P < .05, Ta b le S4 ). However, a 20-week HFD significantly
ncreased body mass and percent FM and reduced percent lean

ass, irr especti v e of strain (main effect of diet: P < .05). Serum
evels of ALP, AST, and ALT did not differ between strains. In con-
rast, serum cholesterol levels were significantly lower in HCR
ats compared to LCR rats, regardless of diet (main effect of
train: P < .05; Ta b le S5 ). Serum β-hydroxybutyrate and NEFA
ev els wer e significantl y elev ated in both strains fed an HFD
main effect of diet: P < .05). A significant strain × diet inter-
ction was observed for serum triglycerides ( P < .05). Specifi-
all y, serum trigl ycerides wer e elev ated in HCR rats fed an LFD
ompared to LCR rats fed LFD. However, in LCR rats, an HFD
ignificantl y incr eased serum trigl ycerides compar ed to those
ed LFD. 

CR and LCR Rats Display Different Serum and Li v er 
ile Acid Levels and Composition 

ne week after diet intervention, serum total bile acids were sig-
ificantly lower in HCR rats compared to LCR rats, regardless
f diet (main effect of strain, P < .05, Figure 1 A and Table S6 ).
ue to variations in the serum bile acid pool size, conjugated
nd unconjugated bile acids were analyzed as a percentage of
he total serum bile acid pool. Glycine-conjugated bile acids
ere higher in LCR rats than HCR rats (main effect of strain,
 < .05, Figure 1 A and Ta b le S6 ). Fasting led to a higher proportion
f glycine-conjugated bile acids in the LCR rats ( P < .05, Figure
 A and Ta b le S6 ). The ratio of 12 α-hydr oxylated to non-12 α-
ydroxylated bile acids was significantly elevated under fast-

ng conditions (main effect of fasting: P < .05; Ta b le S6 ). A
r end tow ard a strain × feeding status interaction ( P = .06) sug-
 ested that chang es in LCR rats larg el y dr ov e this elev ation
n 12 α-hydroxylated/non-12 α-hydroxylated in the fasted condi-
ion. This suggests fasting in LCR rats either increases classical
ile acid synthesis or decreases alternative bile acid synthesis in
CR rats. 

Li v er bile acid measurements focused specifically on taurine-
onjugated bile acids because they comprise the largest pro-
ortion of the bile acid pool in rodents. Total liver bile acid
oncentration was higher in the LCR rats after the 1-week diet
ntervention (main effect of strain, P < .05, Ta b le 1 ). Specifi-
ally, T- αMCA and T-CA concentrations were greater in LCR than
CR counterparts (main effect of strain, P < .05, Ta b le 1 ). How-
ver, fasting increased liver bile acid content, particularly T-
 A and T-DC A, in both strains (main effect of fasting, P < .05,
a b le 1 ). 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
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Figure 1. Serum bile acid composition. (A) Serum bile acid composition and total bile acids from rats during a 1-week study ( n = 8). (B) Serum bile acid composition 

and total bile acids from rats during a 20-week study ( n = 10). 
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In the 20-week HFD study, serum bile acid concentration 

ncreased in LCR rats but not in HCR (main effect of strain, 
 < .05, Figure 1 B and Table S7 ). This increase was driven by ele-
ated T- βMCA, T-CA, T-DCA, and T-UDCA in LCR (main effect 
f strain, P < .05, Ta b le S7 ). Again, the 12 α-hydroxylated to
on-12 α-hydroxylated bile acid ratio was higher in LCR rats 

han in HCR counterparts (main effect of strain, P < .05, > 

a b le S7 ); howev er, r egardless of strain, HFD also increased the
2 α-hydroxy/non-12 α-hydroxy ratio (main effect of diet, P < .05, 
a b le S7 ). Total glycine- and taurine-conjugated bile acids were 
levated in LCR rats compared to HCR rats (main effect of strain, 
 < .05, Ta b le S7 ). Despite these differences, the serum bile acid
ercent composition was not significantly different between 

CR and LCR r ats after c hronic HFD ( F igure 1 B). Similar to
erum bile acids, li v er bile acids were elevated in LCR rats fed 

n HFD compared to HCR counterparts (main effect of strain, 
 < .05, Ta b le 2 ) an effect dri v en by increased T- βMCA and T-CA
n LCR (main effect of strain, P < .05, Ta b le 2 ). 

CR Rats Have Increased Fecal Bile Acids and Energy 

oss 

fter correcting for body weight, intestinal bile acids were not 
ifferent between LCR and HCR rats in either the 1-week or 
0-w eek study ( F igure 2 A and B). How ever, fecal bile acid con-
ent w as significantl y higher in HCR rats compar ed to LCR rats
n both diet conditions (main effect of strain, P < .05, Figure 
 C and D). HCR also had higher fecal energy loss in both diet
onditions than LCR (main effect of strain, P < .05, Figure 2 E
nd F). 

CR Rats Have Greater Cholesterol and Bile Acid 

ynthesis 

onsistent with our previous findings in mice, 39 a 1-week 
FD suppressed DNL compared to LFD in both strains (main 

ffect of diet, P < .05, Figure 3 A). In the FED state, HCR rats
howed a trend toward higher DNL on LFD ( P = .052; Figure
 A). However, when fed HFD, HCR rats exhibited a signifi- 
antl y gr eater r eduction in DNL than LCR rats in the FED state
 P < .05, Figure 3 B). He patic cholester ol synthesis w as signif-
cantly higher in HCR rats compared to LCR rats (main effect 
f strain, P < .05, Figure 3 C), but was significantly reduced dur-

ng fasting (main effect of fasting, P < .05, Figure 3 C). DNL and
 holesterol synthesis w ere not measured in the 20-week HFD 

tudy. 
Newly synthesized bile acids T-CA, T- αMCA, T- βMCA, T- 

DCA, and T-DCA were higher in HCR rats compared to LCR 
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Table 2. Li v er Bile Acid Concentrations From HCR/LCR Rats on Only 
an HFD for 20 Weeks 

(ug/g of li v er) LCR HCR P -value 

T- αMCA 5.06 ± 0.7 3.14 ± 0.80 .090 
T- βMCA 42.24 ± 8.75 17.44 ± 4.90 .024 
T-CA 118.30 ± 14.52 52.79 ± 9.49 .001 
T-CDCA 4.08 ± 0.69 3.80 ± 0.74 .781 
T-DCA 4.12 ± 0.86 3.56 ± 0.48 .573 
T O TAL 173.80 ± 23.90 80.73 ± 15.80 .005 

Values are means ± SEM ( n = 10). 
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ounterparts (main effect of strain, P < .05, Figure 3 D). Overnight
asting reduced the synthesis of the majority of bile acids
xcept for T-CA, which was increased (main effect of fasting,
 < .05, Figure 3 D). The 1-week HFD reduced bile acid synthesis
n both strains and in both fasted/fed conditions (main effect of
iet, P < .05, Figure 3 D). Following the 20-week HFD, the percent-
 ge of newl y synthesized bile acids was higher in HCR rats than
n LCR rats; as primary bile acids T- αMCA, T- βMCA, and T-CA
er e statisticall y significant (main effect of strain, P < .05, Figure
 E). These data show that elevated bile acid synthesis in HCR
ver the LCR is maintained over the course of a long term HFD. 

erobic Capacity Regulates Hepatic Bile Acid Gene 
xpression 

e have previously reported that HCR displays upregulated
ranscription of cholesterol and bile acid synthesis pathways
n the li v er than LCR. 10 , 11 Similarl y, HMG-CoA r eductase gene
 Hmgcr ) expression was higher in HCR rats (main effect of
train, P < .05, Figure 4 A) as was gene expression for the rate-
imiting enzyme of bile acid synthesis, Cyp7a1 , and the alterna-
i v e pathw ay, Cyp27a1 (main effect of strain, P < .05, Figure 4 B
nd C). Hepatic Cyp8b1 expression was not different between
trains in the 1-week HFD study, but in the fed condition, it
 as r educed (main effect of fasting, P < .05), while the HFD

ncr eased expr ession (main effect of diet, P < .05, Figur e 4 D).
epatic Cyp7b1 , which is downstream of Cyp27a1 , was lower

n HCR than LCR across all conditions (main effect of strain,
 < .05, Figure 4 E) as was Baat expression, an enzyme that reg-
lates conjugation of bile acids (main effect of strain, P < .05,
igure 4 F). 

Bile acid synthesis is regulated by a negati v e feedback loop in
hich bile acids returning to the li v er acti v ate the n uclear r ece p-

or FXR to suppress Cyp7a1 expression. Liver FXR (encoded by the
r1h4 gene) was lower in HCR rats compared to LCR rats (main
ffect of strain, P < .05, Figure 4 G). In contrast, another regulator
f bile acid and cholesterol synthesis, Fgfr4 , was higher in HCR
han LCR regardless of diet (main effect of strain, P < .05, Figure
 H). Consistent with the differences found for cholesterol syn-
hesis between strains, Srebp-2 (encoded by the Srebf-2 gene)
xpr ession w as consistentl y higher in HCR vs. LCR (main effect
f strain, P < .05, Figure 4 I). However, a strain and fasting inter-
ction r ev ealed that this differ ence w as dri v en by low er Sr ebp-2
ene expression in fasting LCR rats ( P < .05). Li v er Sre bf-1 expr es-
ion, which encodes for Srebp-1 , was induced in both strains
n the fed state (main effect of fasting, P < .05, Figure 4 J) and
emained higher in LCR across all diets/conditions (main effect
f strain, P < .05, Figure 4 J). As expected, due to their known
igher mitochondrial oxidati v e capacity, HCR rats had higher
epatic gene expression of the transcriptional co-activator per-
xisome gamma co-acti v ator 1 alpha ( Pgc1 α) and peroxisome
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r oliferator-acti v ated r ece ptor alpha ( Ppar α), r egardless of diet
r fasting condition (main effect of strain, P < .05, Figure 4 K and 

). 

xercise via VWR Increases Bile Acid Synthesis in Mice 

ecause exercise can increase aerobic capacity, we next exam- 
ned whether chronic exercise increases hepatic bile acid 

etabolism in male mice and recapitulates the contrasting 
esponses in HCR vs. LCR rats. After 4 weeks, VWR increased 

nergy intake but mitigated body weight and FM gain while 
reserving lean body mass ( P < .05, Table S8 ). Remarkably, 
WR increased bile acid synthesis by elevating the synthe- 
is of primary bile acids T -CA, T - αMCA, T - βMCA, and T-
DCA, and secondary bile acid T-DCA ( P < .05, Figure 5 A- 
) compared to sedentary control mice. These data confirm 

he induction of bile acid synthesis in response to exercise 
raining. 

yp7a1 Mediated Bile Acid Synthesis Is Critical for 
xercise to Treat Steatosis 

e and others have shown that exercise protects and treats 
FD-induced hepatic steatosis in mice. 40 In the current and pre- 
ious studies, we r e ported that Cyp7a1 gene expression is upreg- 
lated in HCR rats on an HFD and in exer cising mice , indicat- 

ng that Cyp7a1 may be a critical factor in the ability of exer- 
ise to pr ev ent he patic steatosis. 10 , 11 We also found that exer- 
ise in rats and mice increases hepatic expression of genes reg- 
lating bile acid and cholesterol synthesis ( Acly , Cyp7a1 , and 

mgcr ), suggesting that bile acid synthesis is upregulated by 
xer cise . 11 To investigate these effects further, we developed 

n inducib le li v er-specific Cyp7a1 knockout mouse model in 

hich Cyp7a1 expr ession w as knocked out in the li v er befor e
xer cise . The LCyp7a1KO had reduced Cyp7a1 gene expression, 
onfirming the li v er-specific knockout of Cyp7a1 (main effect 
f LCyp7a1K O , P < .05, Figure 6 A). Body weight did not differ
etween genotypes in either male or female mice during the 
 weeks of exercise ( Ta b les S9 and S10 ). However, as expected, 
xercise incr eased dail y energy intake (main effect of VWR, 
 < .05, Ta b les S9 and S10 ). Male LCyp7a1KO mice exhibited 

n increase in FFM during the intervention, whereas control 
ales did not (main effect of genotype, P < .05, Ta b le S9 ). Inter-

stingly, female control mice gained FFM, whereas LCyp7a1KO 

emales did not (main effect of genotype, P < .05, Ta b le S10 ).
espite the increased energy intake, exercise mitigated FM gain 

n both genotypes (main effect of VWR, P < .05, Ta b le S10 ).
v erall, li v er-specific Cyp7a1 knockout did not significantl y 
lter weight gain but did affect body composition, specifically 
FM. 

Li v er trigl ycerides (TAGs) wer e significantl y elev ated in 

Cyp7a1KO mice compared to control, regardless of sex or exer- 
ise (main effect of LCyp7a1K O , P < .05, Figure 6 B and C). A sig-
ificant inter action betw een VWR and genotype w as observ ed 

n both sexes ( P < .05, Figure 6 B). Specifically, in female control 
ice, VWR significantl y r educed he patic TAG lev els ( P < .05).
owever, in both male and female LCyp7a1KO mice, VWR sig- 
ificantl y incr eased he patic TAG lev els compar ed to sedentary 
Cyp7a1KO mice ( P < .05). Li v er content of the bile acids T-
 A, T- αMC A, T-CDC A, and T-DC A wer e all significantl y r educed

n LCyp7a1KO mice of both sexes compared to controls (main 

ffect of LCyp7a1K O , P < .05, Ta b les S11 and S12 ). Mor eov er, the
otal bile acid content in the li v er, gallb ladder, intestines, and 
s

eces was significantly lower in LCyp7a1KO mice (main effect of 
Cyp7a1K O , P < .05, Figure 2 A-D). 

The fraction of new bile acids following 2 H 2 O administra- 
ion was not remarkably different, perhaps due to the much 

maller pool sizes in the LCyp7a1KO mice, but the absolute 
mounts of new bile acids in LCyp7a1KO mice were substantially 
educed, consistent with impaired bile acid synthesis (main 

ffect of LCyp7a1K O , P < .05, Figure 6 D). This reduction was evi-
ent acr oss m ultiple bile acid species, including T -CA, T - αMCA,
 - βMCA, T -CDCA, and T-DCA, regardless of sex (main effect of
Cyp7a1K O , P < .05, Figure 6 E-I). Notably, exercise increased T-
A with exercise in male (81.1%) and female (32.8%) control mice 

main effect of exer cise , P < .05, Figure 6 E). Furthermore, a signif-
cant genotype × VWR interaction r ev ealed that T-DCA synthesis 
 as incr eased in male contr ol mice that exercised compar ed to

edentar y contr ols ( P < .05, Figur e 6 I). Conv ersel y, a significant
enotype × VWR interaction showed that T-CDCA synthesis was 
educed in female control mice that exercised ( P < .05, Figure 
 H). These findings indicate that Cyp7a1-mediated bile acid syn- 
hesis contributes to the pr otecti v e effects of exercise against 
iet-induced hepatic steatosis, as assessed by li v er trigl yceride 

evels. 

iscussion 

igher aerobic capacity and exercise are known to prevent and 

r eat meta bolic diseases, including MASLD, 5–8 r especti v el y. We
r eviousl y r e ported that higher aerobic capacity and exercise 
nhance hepatic gene expression of the bile acid pathway and 

ncrease fecal bile acid loss in rodents. 10 , 11 Moreover, a previ- 
us study r e ported that c hronic exer cise increased fecal bile acid
xcretion, accompanied by increased bile acid flow and biliary 
ecr etion of cholate-deri v ed bile acids. 12 Howev er, whether he p-
tic bile acid synthesis is ele vated b y exercise and if this adapta-
ion plays a critical role in liver metabolism, including the treat- 

ent of hepatic steatosis, remained unclear. To assess in vi v o 
ile acid synthesis, we administered 

2 H 2 O and tracked 

2 H incor- 
oration into bile acids by LC-MS/MS detection. These data con- 
rmed that HCR rats have higher bile acid synthesis than LCR 

 ats. Furthermore , 4 w eeks of exer cise incr eased he patic bile
cid synthesis in wild-type mice. Consistent with our previous 
esear c h, both higher aerobic capacity and exercise upregulated 

yp7a1 gene expression, suggesting that Cyp7a1 may be essen- 
ial for the metabolic benefits of both intrinsic exercise capac- 
ty and daily physical exer cise . For the first time , w e also show
hat the knockout of hepatic Cyp7a1 reduced bile acid content 
ut increased hepatic steatosis and that it negated the capac- 

ty of exercise to lower hepatic steatosis induced by a chronic 
FD. Overall, the data show that the regulation of Cyp7a1 and 

ile acid synthesis plays a critical role in aerobic capacity and 

xercise ability in combating MASLD. 
Metabolic flexibility, or the capacity to efficiently switch 

etween fuel sources depending on nutrient availability, is cru- 
ial for maintaining metabolic health. Impaired metabolic flex- 
bility, such as the inability to pr operl y r egulate he patic lipid
ynthesis and/or oxidation, is str ongl y associated with insulin 

esistance and hepatic steatosis, 41–43 while multiple lines of evi- 
ence show that exercise impr ov es meta bolic flexibility. 44 Our 
revious studies demonstrated that HCR rats ar e pr otected fr om 

FD-induced insulin resistance and hepatic steatosis and pro- 
ided evidence of pronounced differences in their whole-body 
etabolic flexibility, indicated by a superior capacity to upreg- 

late dietary FAO when transitioned to an HFD. 7 , 45 However, no 
tudies have assessed the capacity of HCR and LCR rat models 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqaf019#supplementary-data
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Figure 2. Intestinal and fecal bile acid content and fecal energy loss. (A) Intestinal bile acid measurements from rats during the 1-week study ( n = 8). (B) Intestinal bile 
acid measur ements fr om r ats during the 20-w eek study ( n = 10). (C) Fecal bile acid content from rats during the 1-week study ( n = 16). (D) Fecal bile acid content from 

rats during the 20-week study ( n = 10). (E) Fecal energy loss from rats during the 1-week study ( n = 16). (F) Fecal energy loss from rats during the 20-week study ( n = 10). 

Data r e pr esented as means ± SEM. 
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o moderate DNL in response to nutritional conditions. Consis-
ent with previous resear c h in mice and r ats, 8 , 39 w e observed
hat DNL w as stim ulated in the fed state and w as highest on
he carbohydr ate-ric h LFD. Inter estingl y, HCR rats displayed a

or e r obust induction of DNL on an LFD, and they suppr essed
NL mor e completel y on an HFD compar ed to LCR rats. The
eightened metabolic flexibility of DNL in HCR livers may con-
ribute to their exceptional metabolic profile, such as impr ov ed
lycemia during high carbohydrate consumption, by increas-
ng the disposal of glucose carbons into lipid stores, or reduced
epatic steatosis during high fat consumption, by acti v ating fat
xidation with obligate inhibition of DNL. Likewise, similar fac-
ors may also play a role in the upregulation of cholesterol and
ile acid synthesis in HCR when fed an HFD for 1 week. The
hunting of cytosolic acetyl-CoA toward cholesterol and bile
cid synthesis may contribute to lower DNL in HCR rats on an
FD. Since sterol synthesis does not require malonyl-CoA, a
otent inhibitor of mitochondrial fat transport and oxidation,

ts incr eased acti vity may pr eserv e F AO. Indeed, F AO and mito-
 hondrial respir ation ar e incr eased in HCR rats, 10 , 28 which may
lso facilitate the energy-costl y cholester ol and bile acid synthe-
is pathways. Mechanistic studies will need to be undertaken to
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Figure 3. De novo lipogenesis (DNL), cholesterol synthesis, and bile acid synthesis. (A) DNL as measured by 2 H incorporation into % newly synthesized hepatic palmitate 
from rats during the 1-week study ( n = 8). (B) Percent change in DNL from low fat diet (LFD) to high fat diet (HFD) in fasted and fed low capacity runner rats (LCR) 
and high capacity runner rats (HCR) rats. (C) Cholesterol synthesis as measured by 2 H incorporation into % newly synthesized hepatic cholesterol from rats during a 

1-week study ( n = 8). (D) Bile acid synthesis as measured by 2 H incorporation into % newly synthesized T- αMCA, T- βMCA, T-CA, T-CDCA, and T-DCA from rats during a 
1-week study ( n = 6-8). (E) Bile acid synthesis as measured by 2 H incorporation into % newly synthesized T- αMCA, T- βMCA, T-CA, T-CDCA, and T-DCA from rats during 
a 20-week study ( n = 10). Data r e pr esented as means ± SEM. ∗ indicates effect of diet within strain ( ∗P < .05, ∗∗P < .01, ∗∗∗P < .001); ∧ indicates effect of strain within 
diet ( ∧ P < .05, ∧ ∧ P < .01, ∧ ∧ ∧ P < .001). 

Figure 4. Cholesterol and bile acid synthesis gene expression in high capacity runner rats (HCR) and low capacity runner rats (LCR) rats during a 1-week study. (A) Gene 

expression for the cholesterol synthesis protein, HMG-CoA reductase (HMGCR). (B) Gene expression for the rate-limiting protein in bile acid synthesis, Cyp7a1. (C) Gene 
expression for a mitochondrial protein involved in the bile acid synthetic pathway, Cyp27a1. (D) Gene expression for the protein responsible for determining bile acid 
pool composition, Cyp8b1. (E) Gene expression for a protein in the alternative bile acid synthetic pathway, Cyp7b1. (F) Gene expression for the bile acid-CoA: amino acid 
N -acyltr ansfer ase (BAT) enzyme, which controls the conjugation of bile acids to an amino acid synthesis (BAAT). (G) Gene expression for the hepatic nuclear receptor 

inv olv ed in redundant feedback regulation of bile acids, FXR (NR1H4). (H) Gene expression for a hepatic receptor involved in bile acid feedback from the intestines, 
FGFR4. (I) Gene expression for a transcription factor that promotes cholesterol synthesis, SREBP-2. (J) Gene expression for a mitochondrial protein involved in the 
bile acid synthetic pathway, SREBF1. (K) Gene expression for the transcriptional co-acti v ator per oxisome gamma co-acti v ator 1 alpha (PGC1 α), a master regulator of 
mitochondrial biogenesis and genes inv olv ed in energy metabolism (PGC1 α). (L) Gene expression for a transcription factor that helps regulate fatty acid oxidation in 

the li v er, PP AR α (PP AR α). Data r e pr esented as normalized gene expr ession v alues with units as log-transformed counts per million (means ± SEM; n = 4). 
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Figure 5. Bile acid synthesis measures in VWR Mice. Data shows bile acid synthesis as measured by 2 H incorporation into % newly synthesized. (A) T-CA, (B) T- αMCA, 
(C) T- βMCA, (D) T-CDCA, and (E) T-DCA. Measurements from mice ( n = 8) on a high fat diet (HFD) (control) that either remained sedentary (SED) or were given running 
wheels (VWR) for 4 weeks. Data r e pr esented as means ± SEM. ∗P < .05 vs. Sed. 

Figure 6. Li v er trigl yceride and bile acid content in li v er-specific Cyp7a1 knockout mice with VWR. (A) Li v er Cyp7a1 gene expr ession. (B) Li v er trigl yceride content. (C) 

Re pr esentati v e hematoxylin and eosin stains. (D) Total li v er bile synthesis. (E) Li v er T-CA bile acid synthesis. (F) Li v er T- αMCA bile acid synthesis. (G) Li v er T- βMCA 
bile acid synthesis. (H) Li v er T-CDCA bile acid synthesis. (I) Li v er T-DCA bile acid synthesis. Data r e pr esented as means ± SEM ( n = 6-10). ∗ Indicates main effect of 
LCyp7a1KO within sex ( P < .05), # indicates main effect of VWR within sex ( P < .05), ε indicates an LCyp7a1KO and VWR interaction within sex, ∧ P < .05 vs. indicated 

group. 
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est the precise link between the acti v ation of bile acid synthe-
is and increased metabolic flexibility endowed by exercise or
ntrinsic aerobic capacity. 

Our findings r ev eal a nov el link between aer obic capacity,
xer cise , c holesterol, and bile acid synthesis. Our data shows
hat HCR rats have enhanced cholesterol synthesis despite

aintaining lower serum cholesterol levels, particularly after 
rolonged HFD feeding. This observation suggests an increased
 hanneling of c holester ol tow ard bile acid synthesis and fecal
xcretion in HCR. HCR rats consistently display greater fecal
ile acid loss, aligning with previous resear c h in exercising
ice demonstrating elevated bile acid excretion and choles-
er ol turnov er that w as pr eviousl y linked to incr eased survi v al
nd reduced atherosclerotic lesions in LDL-R knockout mice. 12 , 46 

hronic exercise in mice also upregulates fecal bile acid loss, and
r acer studies demonstr ate a concomitant increase in bile acid
ynthesis. These findings are further supported by our previous
ork in both rodents and humans, where we observed a consis-

ent pattern of increased fecal bile acid levels and/or enhanced
xpression of hepatic genes involved in cholesterol and bile acid
eta bolism in r esponse to exer cise tr aining. 11 , 47 Mor eov er, we

ho wed that impro ving fitness and reducing body weight with
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 diet and exercise intervention in middle-aged, obese women 

ncreased a known marker of bile acid synthesis (C4), while also 
ppearing to enhance bile acid feedback regulation. 48 In a previ- 
us study, we also compared markers of bile acid metabolism in 

omen with high aerobic capacity vs. moderate aerobic capac- 
ty matched for body weight and age. 47 That study did not r ev eal 
ifferences in markers of bile acid synthesis or fecal excre- 
ion, likely due to dietary controls that induced unintentional 
eight loss in high-fit women with v er y high dail y acti vity lev-

ls. However, notably, a marker of bile acid synthesis (C4) and 

ile acid species were markedly different between high and 

oder ate-fit w omen during postpr andial conditions (OGTT). 
lucose and insulin are known regulators of Cyp7a1 expres- 
ion and bile acid metabolism. 49 While our data demonstrate 
hat higher aerobic capacity is associated with altered bile acid 

etabolism both in the fasted and fed states, further resear c h 

s needed to determine the precise interplay between aerobic 
apacity, insulin signaling, and bile acid synthesis postprandial 
egulation. 

Collecti v el y, our data in rodents suggest that higher aerobic 
apacity and exercise promote a shift in cholester ol meta bolism 

o war d increased bile acid synthesis and fecal excretion, which 

ppear to facilitate some beneficial effects of exercise on li v er 
ealth. The primary mechanisms of action by which fitness or 
xercise leads to greater Cyp7a1 -mediated bile acid synthesis are 
nknown but could be linked to higher intestinal motility or less 
ile acid absorption in the intestines or colon, leading to greater 
ecal bile acid loss and commensurate increases in bile acid 

ynthesis to maintain homeostasis. However, exercise-induced 

hanges in bile acid metabolism may also r esult fr om pri- 
ary changes in production. A previous study using a crossover 
ithin-subject design r e ported that bile acid levels in the duo- 
en um incr eased by 10-fold following 30 min of light-intensity 
xercise vs. sedentary conditions in young men, despite no large 
ifference in total fluid in the duodenum or changes in gall blad- 
er size. 50 This finding could suggest that each bout of exer- 
ise increases the production of bile acids, and thus, turnover 
ncreases with fecal excretion rising as a result. A newer study 
ound that acute resistance and endurance exercise lowered cir- 
ulating bile acid levels. 51 However, the effects of acute exercise 
n bile acid metabolism do not explain the di v ergent HCR vs. LCR 

henotype occurring in rats maintained in a sedentary condi- 
ion. Exercise and aerobic capacity sensitize hepatic insulin sig- 
aling, and acti v ation of the li v er with insulin potentl y upr eg-
lates CYP7A1 enzyme expression. Thus, differences in the 
apacity of insulin to upregulate Cyp7a1 and bile acid synthe- 
is, in addition to regulating shuttling of acetyl CoA a wa y from 

NL to war d bile acid synthesis, may also play a role in the 
apacity of exercise and aerobic capacity to modulate bile acid 

etabolism. 
Differences in insulin sensitivity can also influence bile 

cid pool composition through the enzyme CYP8B1 . 52 CYP8B1 
s an enzyme in the bile acid synthetic pathway responsi- 
le for the 12-alpha hydroxylation of bile acids and, therefore, 
etermines the 12-alpha to non-12-alpha hydroxylated bile acid 

atio. Insulin action suppresses CYP8B1 activity; however, insulin 

esistance causes the ratio of 12-alpha to non-12alpha hydrox- 
lated bile acids to increase. 53 After 20 weeks of an HFD, this 
atio was much higher in LCR rats than HCR rats, consistent 
ith our previous observation of worsening metabolic health 

nd reduced insulin signaling in LCR rats on a chronic HFD. 6 

her e w as no significant differ ence in 12-alpha to non-12-alpha 
ydroxylated bile acids in the 1-week study, suggesting that ini- 
ial insulin signaling differences between the strains are not a 
actor. In contrast, alterations in Cyp27a1 and Cyp7b1 , suggest an 

pregulation of the non-12-alpha hydroxylated bile acid, CDCA, 
athway. Cyp27a1 and Cyp7b1 are the main regulatory steps in 

his alternati v e bile acid synthetic pathw ay. 54 Cyp27a1 is local- 
zed in mitochondria and is r esponsib le for the side-chain oxi- 
ation needed to form bile acids in both the classic and alterna- 
i v e pathw ays. 55 Hence, the incr eased expr ession of Cyp27a1 in
CR li v er likel y contributes to a higher ov erall bile acid synthesis

ate and is consistent with our previous finding of higher hep- 
tic Pgc1 α expression and mitochondrial content in HCR liver. 56 

n contrast, greater expression of Cyp7b1 is a more specific indi- 
ation that the alternati v e bile acid pathway is upregulated in 

CR li v er. 
Bile acid synthesis occurs via 2 pathways: classic and alter- 

ati v e. Ov er expr ession of Cyp7a1 , a rate-limiting enzyme in
he classic pathway, attenuates weight gain on an HFD and 

mpr ov es meta bolic health, including pr otecting a gainst he p-
tic steatosis. 57 Consistent with this, HCR rats and exercise 
pr egulate Cyp7a1 expr ession, suggesting a potential role for 
he classic pathway in preventing and treating hepatic steatosis. 
owever, the relationship between Cyp7a1 and hepatic steato- 
is is complex. While Cyp7a1 -deficient mice from birth exhibit 
r otection fr om meta bolic disorders without altering he patic 
teatosis on an HFD . 58 However, bile acids are critical for the 
igestion and absorption of lipids, and the Cyp7a1 knockout 
odel r e portedl y displayed a leanness phenotype due to an 

nability to digest dietary lipids. In contrast, in this study, 
he inducible liver-specific Cyp7a1 knockout model displayed 

ormal weight on the HFD compared to controls and devel- 
ped incr eased he patic steatosis in both sexes. This discr e p-
ncy between the knockout methodologies may arise from the 
educed capacity of the alternative pathway of Cyp27a1 to com- 
ensate for Cyp7a1 deficiency in our model or from the fact that 
 e allow ed Cyp7a1 to be functional past a critical developmental 
indow. 

onclusion 

n conclusion, this stud y pro vides no vel insights into the link
etween aerobic capacity, exercise, bile acid metabolism, and 

teatosis. Our findings demonstrate that both intrinsic high aer- 
bic capacity and exer cise tr aining enhance bile acid synthesis. 
levated bile acid synthesis, driven by Cyp7a1 , appears critical 
or the beneficial effects of exercise to treat steatosis induced 

y an HFD. Importantly, our results identify bile acid synthesis 
s a key mediator between aerobic capacity, exer cise , and hep- 
tic energy metabolism that may also be linked to whole-body 
etabolism and long-term risk for type 2 diabetes and MASLD, 
hich have shown to be inde pendentl y linked to aerobic capac- 

ty and exercise behavior in human studies. Further investiga- 
ion is warranted to understand the mechanisms of action by 
hich intrinsic aerobic capacity and exercise lead to greater bile 

cid synthesis. 
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