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ABSTRACT
Balanced interactions between the enteric microbiota and enterohepatic organs are essential to 
bile acid homeostasis, and thus normal gastrointestinal function. Disruption of these interactions 
by cancer treatment instigates bile acid malabsorption, leading to treatment delays, malnutrition, 
and decreased quality of life. However, the nature of chemotherapy-induced bile acid malabsorp-
tion remains poorly characterized with limited treatment options. Therefore, this study sought to 
characterize changes in hepatic, enteric, and microbial bile acid metabolism in a mouse model of 
chemotherapy-induced toxicity. Consistent with clinical bile acid malabsorption, chemotherapy 
increased fecal excretion of primary bile acids and water, while diminishing microbiome diversity, 
secondary bile acid formation, and small intestinal bile acid signaling. We identified new contri-
butors to pathology of bile acid malabsorption in the forms of lipopolysaccharide-induced cho-
lestasis and colonic crypt hyperplasia from reduced secondary bile acid signaling. Chemotherapy 
reduced markers of hepatic bile flow and bile acid synthesis, elevated markers of fibrosis and 
endotoxemia, and altered transcription of genes at all stages of bile acid metabolism. Primary 
hepatocytes exposed to lipopolysaccharide (but not chemotherapy) replicated chemotherapy- 
induced transcriptional differences, while gut microbial transplant into germ-free mice replicated 
very few differences. In the colon, chemotherapy-altered bile acid profiles (particularly higher 
tauromuricholic acid and lower hyodeoxycholic acid) coincided with crypt hyperplasia. Exposing 
primary colonoids to hyodeoxycholic acid reduced proliferation, while gut microbiota transplant 
enhanced proliferation. Together, these investigations reveal complex involvement of the entire 
microbiota-enterohepatic axis in chemotherapy-induced bile acid malabsorption. Interventions to 
reduce hepatic lipopolysaccharide exposure and enhance microbial bile acid metabolism repre-
sent promising co-therapies to cancer treatment.
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Introduction

Cancer and chemotherapy are associated with 
numerous gastrointestinal side effects, including 
diarrhea, nausea, and gut barrier disruption.1,2 

These symptoms often lead to delays or cessation 
of treatment, may persist for decades, and signifi-
cantly compromise quality of life.3,4 Diarrhea is 
particularly common during chemotherapy, 
where it is reported in up to 80% of patients.5 Bile 
acid malabsorption (BAM) is a major cause of 
diarrhea following chemotherapy, as up to half of 
patients receiving chemotherapy are diagnosed 

with BAM.6 BAM is clinically characterized by 
greater fecal excretion of primary BA, water, and 
energy, and diminished gut-liver signaling.7 

Patients diagnosed with BAM traditionally have 
limited treatment options: either low-fat, low- 
fiber diets or prescription bile acid sequestrants. 
These therapies provide limited efficacy and have 
low patient adherence due to low palatability, 
abdominal discomfort, and constipation. A recent 
attempt to establish clinical practice guidelines for 
gastrointestinal mucositis (an underlying contribu-
tor to BAM) resulted in the creation of no new 
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guidelines due to inadequate or conflicting 
evidence.8 Furthermore, BAM is likely underdiag-
nosed due to the preferential attention given to 
efficacy of cancer therapy (tumor elimination) 
and restricted availability of standardized diagnos-
tic tests. Together, this highlights the need for 
alternative diagnostic and therapeutic options that 
target the underlying causes of BAM, not just its 
symptoms.

Effective treatment of BAM is hindered by its 
poorly characterized pathophysiology. Broadly, 
BAM can occur as a consequence of elevated BA 
synthesis and excretion by the liver, or reduced 
capacity to reabsorb BA in the terminal small intes-
tine. Chemotherapy-induced BAM is presumed to 
occur following chemotherapy-induced entero-
toxicity of the rapidly-dividing ileal epithelium. 
This is reasonable, given that the ileum is the pri-
mary site of BA absorption, chemotherapy induces 
apoptosis of rapidly proliferating cells like those of 
the small intestine, and surgical resection of the 
ileum induces BAM.6,9 This usually coincides 
with inflammation and ulceration across the gas-
trointestinal mucosa, known as mucositis. Loss of 
tissue integrity, underlying immune responses, and 
disruption to the enteric microbiota likely contri-
bute to diarrheal symptoms.10 However, contribu-
tions beyond the small intestine are rarely 
considered. The liver has great influence over BA 
homeostasis as the primary site of BA synthesis and 
excretion. The colon is highly responsive to BA 
escaping the ileum, influencing electrolyte and 
fluid absorption, motility, barrier function, and 
cellular proliferation.11 Finally, gut microbes per-
form extensive modifications to bile acids through-
out the gastrointestinal tract, changing their 
physical and biological signaling properties.12 

Thus, the liver, colon, and enteric microbiota likely 
influence chemotherapy-induced BAM, and 
require investigation.

The purpose of this study was to characterize the 
effects of chemotherapy on the microbiota- 
enterohepatic axis with particular respect to BA 
metabolism and malabsorption. Herein, we 
demonstrate in a clinically relevant mouse model 
that the entire microbiota-enterohepatic axis is dis-
rupted by chemotherapy. BAM is not influenced 
solely by reduced BA absorption in the ileum, but 
also hepatic lipopolysaccharide exposure and 

reduced bacterial BA transformation by colonic 
bacteria. Finally, we demonstrate that these effects 
can be partially recapitulated by transfer of gut 
microbes from chemotherapy-treated to germ- 
free mice, establishing gut barrier function and 
metabolism of the enteric microbiota as important 
targets in the development and treatment of BAM.

Methods

Animals, chemotherapy, and sample collection

All experimental protocols were approved by 
Institutional Animal Care and Use Committee at 
The Ohio State University. Singly housed, female, 
7–8 week old BALB/c mice (Charles River, 
Wilmington, MA, USA) were acclimated to 
a 14:10 light:dark cycle in a temperature- 
controlled vivarium (22°C) 1 week prior to 
treatment.

Mice received 100 μL intraperitoneal injections of 
either 30 mg/kg paclitaxel chemotherapy (Chemo) 
(Sigma-Aldrich, St. Louis, MO, USA), which is pri-
marily implemented in the treatment of female 
reproductive cancers13 or vehicle control (Vehicle) 
as previously described.14 This represents approxi-
mately 80% of an i.v. dose as administered to 
patients (FDA 2005) and based on a prior 
experiment.14 Six total doses were administered 
every other day during the light phase. Across the 
15 days of the study period, mice received injections 
on days 2, 4, 6, 8, 10, and 12, followed by sacrifice 
on day 15. Paclitaxel is a taxane chemotherapeutic 
that stabilizes microtubule formation in rapidly 
dividing cells (preventing cell division and inducing 
apoptosis), which preferentially accumulates in the 
intestine even over target tumor tissue.15 

Additionally, taxane treatment is associated with 
a high incidence of gastrointestinal toxicity includ-
ing colitis, intestinal venous thromboses, and altered 
intestinal microbial populations,3,16 making it 
a suitable model for studying chemotherapy- 
microbiota-host interactions.

All data were collected in a single cohort 
(Vehicle n = 10, Chemo n = 8), except that collected 
via electronic-transmitters (Figure 1b-c; Vehicle n  
= 8, Chemo n = 8). In the primary cohort, body 
mass and 48-hour food intake was recorded for 
two days before treatment (baseline) and upon 

2 B. R. LOMAN ET AL.



Bacteria

Firmicutes

Clostridia

Erysipelotrichia

Bacilli

Clostridiales

Erysipelotrichales

Lactobacillales

Ruminococcaceae

Erysipelotrichaceae

Lachnospiraceae

Lactobacillaceae

Lachnospiraceae adhufec236

Ruminococcaceae UCG−014

Erysipelatoclostridium

Roseburia
Lactobacillus

Ruminiclostridium

Oscillibacter

Lachnoclostridium

Lachnospiraceae NK4B4 group
Dorea sp. 5−2

Eubacterium plexicaudatum

[Clostridium] papyrosolvens

1156

1077

36

43

1077

36

39

27
6

36

681

36

3

75

10

50

36

22

20

22 26

2

2

−5.50

−3.67

−1.83

 0.00

 1.83

 3.67

 5.50

lo
g2

Fo
ld

C
ha

ng
e

B
a
c
te

ria

F
irm

ic
u
te

s

P
ro

te
o
b
a
c
te

riaD
e
fe

rrib
a
c
te

re
s

C
lo

s
trid

ia

B
a
c
illi

A
lp

h
a
p
ro

te
o
b
a
c
te

r
ia

D
e
fe

rrib
a
c
te

re
s

C
lo

s
trid

ia
le

s

L
a
c
to

b
a
c
illa

le
s

R
h
iz

o
b
ia

le
s

D
e
fe

rrib
a
c
te

ra
le

s

L
a
c
h
n
o
s
p
ira

c
e
a
e

L
a
c
to

b
a
c
illa

c
e
a
e

L
a
c
h
n
o
s
p
ira

c
e
a
e
 a

d
h
u
fe

c
2
3
6

R
h
iz

o
b
ia

c
e
a
e

D
e
fe

rrib
a
c
te

ra
c
e
a
e

L
a
c
h
n
o
c
lo

s
tr

id
iu

m
 5

L
a
c
to

b
a
c
illu

s

L
a
c
h
n
o
c
lo

s
trid

iu
m

A
c
e
ta

tifa
c
to

r o
rg

a
n
is

m

M
u
c
is

p
irillu

m

P
h
y
llo

b
a
c
te

riu
m

879

12

3

846

1
6

6

3

846

1
3

4

3

560

1
0

2

3

3

2

1
0

16

3

3

2

0
.0

1
6
6

0
.1

6
6
0

0
.6

1
2
0

1
.3

6
0
0

2
.4

0
0
0

3
.7

4
0
0

5
.3

8
0
0

−
5
.5

0

−
3
.6

7

−
1
.8

3

 0
.0

0

 1
.8

3

 3
.6

7

 5
.5

0

log2FoldChange

abs(log2FoldChange)

N
o
d

e
s

+6-6

log2FoldChange vs Vehicle

0 [6]

DosesBas
el

ine 1 2 3 4 5 6
Sac

rif
ice

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

∆B
oy

M
as

s
(g

ra
m

s,
vs

ba
se

lin
e)

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

∆B
od

y
M

as
s

(g
ra

m
s,

vs
ba

se
lin

e)

Doses

Vehicle

Chemo

Bas
eli

ne 1 2 3 4 5 6
Sac

rif
ice

-3.0

-1.5

0.0

1.5

3.0

∆4
8h

rF
oo

d
In

ta
ke

(g
ra

m
s,

vs
ba

se
lin

e)

-3.0

-1.5

0.0

1.5

3.0

∆
48

hr
Fo

od
In

ta
ke

(g
ra

m
s,

vs
ba

se
lin

e) Vehicle

Chemo

Bas
eli

ne 2 6

5

10

15

20

Fe
ca

lT
ot

al
B

ile
A

ci
ds

(µ
g/

m
g)

p = 0.10Vehicle

Chemo

Bas
eli

ne 2 6

0

1

2

3

Fe
ac

al
P

rim
ar

y
B

A
(µ

g/
m

g)

Vehicle

Chemo

Bas
eli

ne 2 6

0

1

2

3

Fe
ac

al
Ta

ur
o-

M
ur

ic
ho

lic
A

ci
d

(µ
g/

m
g)

Vehicle

Chemo

Doses

Vehicle

Chemo

Bas
el

ine 2 6

35

40

45

50

Fe
ac

al
W

et
M

as
s

(%
to

ta
lm

as
s)

a b c

d e f

g

h

i

j

Figure 1. Chemotherapy induces weight stagnation, bile acid malabsorption, and altered fecal bacteriome composition. (a) Body mass 
changes from baseline. (b) Changes in 48 hour food intake from baseline. (c) Average feed efficiency during the study period. (dD) 
average light cycle, dark cycle, and total locomotion changes from baseline. (e) Average light cycle, dark cycle, and total body 
temperature changes from baseline. (f) Fecal wet mass changes from baseline. (g) Fecal total BA excretion throughout the study 
period. (h) Fecal primary BA excretion throughout the study period. (i) Fecal TMCA excretion throughout the study period. (j) Heat tree 
displaying differences in fecal 16S rRNA gene amplicon profiles in Chemo vs vehicle the day following the final dose. Nodes display 
log2FoldChange and edges display number of amplicon sequence variants composing each node. Baseline measurements are the 
average of two days prior to treatment. (a-c) N = 18 (vehicle n = 10, chemo n = 8), (d-e) N = 16 (vehicle n = 8, chemo n = 8), (f-j) N ≤ 18 
(vehicle n = 8-10, chemo n = 5-8), * p < 0.05.
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dosing until sacrifice. Fecal samples were collected 
at baseline (day 1) and the days following 
the second and final doses (days 5 and 13). 
Euthanasia occurred three days following the final 
dose of chemotherapy, during the dark cycle via 
CO2 asphyxiation. Samples were collected using 
autoclaved instruments and tubes. Samples were 
immediately frozen on dry ice then stored at 
−80°C until analyzed. Other data for these animals, 
including microbial beta diversity and crypt mor-
phology of the colon have been reported 
elsewhere.14

In the electronic-transmitters cohort, electronic- 
transmitters (G2 E-mitters, Starr Life Sciences, 
Oakmont, PA) were implanted into the peritoneal 
cavity as previously described to continuously 
assess core body temperature and home-cage 
locomotion.17 Starting with 48 hours of baseline, 
body temperature and number of locomotor 
counts were averaged for both the light and dark 
phases of each day.

Bile acids

BAs were quantified using a modified method 
described by Si, et al., designed to extract and 
separate a wide range of BA (i.e. conjugated, 
unconjugated, primary, and secondary) from com-
plex biological samples.18 BA were extracted from 
fecal samples, intestinal contents, and liver tissue 
for quantification via HPLC. Samples were homo-
genized in 10 mm potassium phosphate pH 6.0, 
centrifuged at 12,000 RPM for 20 min at 4°C, and 
the supernatant was removed for subsequent 
extractions. The supernatant was extracted twice 
with acetonitrile, dried under nitrogen gas at 
60°C, then reconstituted in methanol for HPLC 
analysis.

Prepared samples were analyzed on a Shimadzu 
Nexera XR HPLC equipped with UV detection. 
A Zorbax-SB C18 column (150 × 4.6 mm id., 
5 mm) was used with mobile phase A 0.01 M potas-
sium phosphate, pH 2.6 and mobile phase B 100% 
acetonitrile A linear gradient was used for elution 
(0–2 min 25% B, 2–17 min 25–33% B, 17–37 min 
85% B, and 37–40 min 85% B). The flow rate was 
1.0 mL/min and the detection wavelength was set at 
200 nm. The column temperature was maintained 
at 40°C and the injection volumes were 25 mL.

BA standards came from the following 
sources: tauro-cholic acid (TCA), cholic acid 
(CA), tauro-chenodeoxycholic acid (TCDCA), 
chenodeoxycholic acid (CDCA), tauro- 
deoxycholic acid (TDCA), deoxycholic acid 
(DCA), tauro-α-muricholic acid (α-TMCA), 
tauro-β-muricholic acid (β-TMCA), α- 
muricholic acid (αMCA), β-muricholic acid 
(βMCA), tauro-ursodeoxycholic acid (TUDCA), 
lithocholic acid (LCA), hyocholic acid (HCA), 
and hyodexoycholic acid (HDCA) from Cayman 
Chemical Company, Ann Arbor, MI; tauro- 
lithocholic acid (TLCA), ursodeoxycholic acid 
(UDCA), and tauro-hyodeoxycholic acid 
(THDCA) from MilliporeSigma, Burlington, 
MA. Standard curves were constructed with con-
centrations ranging from 0.01 to 1 mm. Peaks for 
α-TMCA and β-TMCA could not be separated, 
so they are reported collectively as TMCA, 
a problem that is not unique to our study.19 

Sample concentrations were derived from the 
experimentally derived standard curve.

Microbiome

Feces and intestinal contents were sent to The 
Environmental Sample Preparation and 
Sequencing Facility at Argonne National 
Laboratory for DNA extraction, library prepara-
tion, and high-throughput sequencing. Paired-end 
(250 nt forward and reverse) sequences of the 
V4 hypervariable region of the 16S rRNA gene 
(515F-806 R) were generated on Illumina MiSeq. 
Quantitative Insights into Microbial Ecology 2 
(QIIME2) was utilized for amplicon processing, 
quality control with DADA2, downstream taxo-
nomic assignment using the SILVAv132 database, 
and diversity analyses.20,21 Fecal samples were rar-
efied to 8,800 reads/sample (2 Vehicle and 1 
Chemo samples excluded) and intestinal content 
samples were rarefied to 12,800 reads/sample (0 
duodenum, 1 jejunum [1 Vehicle], 0 ileum, 1 
cecum [1 Vehicle], 0 proximal colon, and 3 distal 
colon [3 Vehicle] samples excluded due to low read 
counts). Sequencing data are available at https:// 
www.ncbi.nlm.nih.gov/bioproject/PRJNA750499.

Differential abundance of bacterial taxa was 
determined utilizing DESeq2, and heat trees were 
plotted via Metacoder in R.22–24 False discovery 
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rate correction was not applied for this exploratory 
analysis. Log2FoldChanges of statistically signifi-
cant differentially abundant taxa at all taxonomic 
levels were plotted as on heat trees, utilizing node 
size to denote magnitude of differential abundance, 
node color to signify directionality of differential 
abundance (i.e. positive or negative), and numeric 
labeling of edges to denote number of amplicon 
sequence variants (ASVs) contributing to each 
node.

To elucidate bacterial taxa that were associated 
with differences in colonic BA profiles, bacterial 
differentials were built in Songbird with treatment 
group, intestinal segment, and the interaction effect 
in the model.25 This model produced lower error 
and loss compared to the null model, and was 
utilized in subsequent analyses. Visualization of 
differentials and construction of logRatios were 
conducted in Qurro.26 The initial logRatio was 
chosen to include the top and bottom 1% of fea-
tures (by model feature rankings constructed in 
Songbird), and then refined to include all ASVs 
from genera identified in the initial logRatio that 
have been associated with BA metabolism. The 
final logRatio was correlated to the ratio of tauro- 
muricholic acid to hyodeoxycholic acid to deter-
mine relationship strength.

Histological staining

Small sections of tissue (approximately half of the 
hepatic medial lobe, half of the spleen, and 1 cm of 
each intestinal segment) were fixed in methacarn 
overnight, paraffin-embedded, and sectioned at 
4 μm for histological analyses. Slides were imaged 
with the Aperio AT Turbo system, and visualized 
and measured in Aperio ImageScope software 
v12.3.2.8013 (Leica Biosystems, Wetzlar, 
Germany).

Hal’s bile stain was performed on liver tissue 
using Hall’s Bile Stain Kit according to manufac-
turer instructions (StatLab Medical Products, 
McKinney, TX). Positively stained area and inten-
sity were quantified using the Positive Pixel Count 
v9 Analysis in Aperio ImageScope, with the follow-
ing modified settings: Compression Quality = 95, 
Hue Value = 0.15, Hue Width = 0.15, Color 
Saturation Threshold = 0.1, Iwp(Low) = Ip (High)  
= 140, Ip(Low) = Isp(High) = 100.

Trichrome stain was performed on liver tissue 
using a commercially available kit according to the 
manufacturer instructions (Abcam, Cambridge, 
UK). Positively stained collagen was measured 
and expressed as percent of total tissue area utiliz-
ing imageJ.

Tissue from all intestinal segments was stained 
hematoxylin and eosin for morphological analysis 
of the crypt-villus axis. Crypt depth, crypt width, 
villus height, and villus width were measured for 
8–10 well-oriented structures per sample (all 
within-sample standard error <10% of the mean) 
across ≥3 sections. Small intestinal absorptive sur-
face area was calculated as in Kisielinski et al. 2002, 
utilizing a formula with crypt width, villus height, 
villus width, which was multiplied by segment 
length.27

KI-67 immunohistochemistry was initiated by 
deparaffinization and rehydration in xylene, 50% 
xylene/50% ethanol, and a series of graded ethanol/ 
PBS baths. Antigen retrieval was performed in 
a water bath at 99°C in citrate buffer, pH 6.0 
(Vector Laboratories, Burlingame, CA) for 30  
minutes, followed by 10 minutes cool-down under 
running deionized water. Tissue was encircled with 
a hydrophobic pen, then covered with blocking 
buffer containing: 0.3% Triton X-100, 1% bovine 
serum albumin, and 10% normal goat serum 
(MilliporeSigma, Burlington, MA). The mouse- 
anti-KI-67 antibody (ThermoFisher Scientific, 
#14-5698-82) was diluted 1:150 in blocking buffer, 
and tissue was incubated overnight at 4°C on 
a shaker. The goat-anti-mouse antibody 
(ThermoFisher Scientific, # A-11077) was diluted 
1:200 in blocking buffer, and tissue was incubated 
for one hour at room temperature on a shaker in 
the dark. Nuclei were stained with DAPI diluted 
1:1000 in PBS for 15 minutes on a shaker in the 
dark. Between each antibody/DAPI exposure, 
slides were washed three times with PBS for 5  
minutes each. Slides were mounted with Prolong 
Gold (ThermoFisher Scientific, Waltham, MA) and 
allowed to cure in the dark overnight prior to 
imaging. Given the fluorescence of goblet cells 
(excluding measurement of total fluorescence 
intensity) and the susceptibility of highly prolifera-
tive cells (i.e. KI-67 positive cells) to chemotherapy, 
distance of the highest KI-67+ nucleus from the 
crypt base was utilized as in Berger et al. 2018.28
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ELISAs

Total protein was extracted from liver and colon 
tissues via homogenization in RIPA Lysis and 
Extraction Buffer with Halt™ Protease Inhibitor 
Cocktail and quantified via Pierce™ BCA Protein 
Assay Kit according to manufacturer instructions 
(ThermoFisher Scientific, Waltham, MA). 
Lipopolysaccharide (LPS) binding protein was 
quantified from liver (Hycult Biotech, Uden, the 
Netherlands), and TNF and IL-6 were quantified 
from liver, colon, and primary CD11b+ leukocyte 
supernatant (V-PLEX proinflammatory panel 1 
mouse kit, Meso Scale Diagnostics, Rockville, 
Maryland).

Gene expression

Total RNA was extracted from liver, spleen, intes-
tine, primary hepatocytes, and primary colonoids 
using Trizol™ reagent (Life Technologies 
Corporation, Carlsbad, CA, USA) per manufac-
turer instructions. cDNA was synthesized from 
RNA utilizing the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster 
City, CA, USA) per manufacturer instructions. 
Expression of specific genes was conducted by 
qPCR using Power SYBR Green PCR Master Mix 
(Applied Biosystems, Foster City, CA, USA) and 
normalized with the relative standard curve 
method with eukaryotic translation elongation fac-
tor 2 (Eef2) as the reference gene.29 Primers used in 
this study are listed in supplementary table S1.

Primary hepatocyte culture

Primary hepatocytes were isolated from female 
BALB/c mice as modified from Seglen 1976.30 

Briefly, mice were CO2 asphyxiated, and immedi-
ately perfused with pre-warmed (37°C) Kreb’s buf-
fer with 1 mm EDTA and the portal vein clamped. 
Once the entire liver lightened in color, mice were 
perfused with pre-warmed Kreb’s buffer with 
150 μM CaCl2. The excised liver was thoroughly 
minced with surgical scissors, triturated with 
a pipette, poured through a 70 μM nylon strainer, 
and washed three times with Kreb’s buffer. 
Hepatocytes (~3.2 × 105 cells/well) were cultured 
on Biocoat Collagen I-coated Microplates 

(Corning, Corning, NY) in Dulbecco’s Modified 
Eagle Medium (DMEM; ATCC, Manassas, VA) 
supplemented with 10% fetal bovine serum (FBS), 
ITS liquid media supplement, 10 μg/mL Epidermal 
Growth Factor, 10 μg/mL dexamethasone, 0.5 mg/ 
mL nicotinamide, and antibiotic/antimycotic.

Hepatocytes were cultured for two days before 
exposure to LPS and/or paclitaxel chemotherapy 
for two hours. Paclitaxel was delivered at 
a concentration of 80 μg/mL to mimic hepatic con-
centrations in-vivo after a single intraperitoneal 
injection of 36 mg/kg body mass.31 LPS was deliv-
ered at 1 μg/mL (L4524, MilliporeSigma, 
Burlington, MA). Hepatocytes were assayed via 
the CellTiter 96® Aqueous One Solution Cell 
Proliferation Assay (MTS Assay; Promega, 
Madison, WI) at the end of their respective incuba-
tions per manufacturer instructions. Hepatocytes 
were isolated three days after chemotherapy/LPS 
exposure to mimic in-vivo outcomes captured in 
this study.

Primary colonoid culture

Primary colonoids were isolated from BALB/c mice 
utilizing an in-house protocol. Female BALB/c 
mice were CO2 asphyxiated, and the colon was 
immediately excised and placed into ice cold PBS. 
Contents were flushed using a gavage needle and 
tissue was transferred into DMEM with 10% FBS 
and antibiotic/antimycotic on ice and cut into 
≤2 mm pieces. Tissue pieces were transferred into 
digestion solution (Hank’s Balanced Salt Solution, 
5 mm EDTA, 5% FBS, 1 mm DTT, and antibiotic/ 
antimycotic) and gently rotated for 20 minutes at 
37°C. After vortexing for 10 seconds, the solution 
was passed through a 100 μm cell strainer. Tissue 
caught in cell strainer was digested, vortexed, and 
strained again. The combined flow-through was 
centrifuged at 400 g for 10 minutes, the cell pellet 
was resuspended in DMEM (without FBS), centri-
fuged again, and resuspended in DMEM prior to 
crypt counting. After resuspending crypts to an 
appropriate volume in complete IntestiCult™ 
Organoid Growth Medium (Human; StemCell 
Technologies, Cambridge, MA), 4 units of 
Matrigel (Corning, Corning, NY) per 1 unit of 
media, and plated 200–300 crypts per well in 
50 μL media-Matrigel suspension with an 
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additional 500 μL of complete organoid growth 
medium once Matrigel was set. Colonoids were 
passaged twice, and underwent colonoid differen-
tiation according to StemCell protocol prior to BA 
and immunogen exposure.

Colonoids were exposed 0.1 mg/mL TMCA 
based on colonic concentrations in the Chemo 
group, 0.1 mg/mL HDCA based on colonic con-
centrations in the Vehicle group, 1 μg/mL LPS, 
and/or 1 μg/mL zymosan (Z4250, MilliporeSigma, 
Burlington, MA) for 48 hours in a 2 × 2 × 2 × 2 
factorial design prior to collection for gene 
expression.

Gut microbiota transplant

Procedures and other data collected for gut micro-
biota transplant mice have been reported 
elsewhere.32 Briefly, contents of the cecum and 
proximal colon of chemotherapy or vehicle- 
treated mice (treated with the same chemotherapy 
protocol as conventional animals in the current 
study) were diluted in anaerobic Schaedler broth 
(30 mg/mL), held briefly on ice, and gavaged intra-
gastrically to germ-free mice a single time (100 uL). 
Gnotobiotic mice were maintained on an 
Allentown Sentry SPP IVC rack system, which 
utilizes positive pressure cages with HEPA filtered 
incoming air, and extract filtered outgoing air. All 
food, water, and absorptive paper bedding were 
autoclaved prior to utilization. Mice were left 
undisturbed under sterile conditions for one week 
prior to sacrifice and tissue collection.

Results

Paclitaxel chemotherapy induces weight 
stagnation, bile acid malabsorption, and altered 
fecal bacteriome composition

To explore effects of chemotherapy on microbiota- 
enterohepatic BA metabolism, we employed an 
established model of paclitaxel chemotherapy in 
mice. Chemo mice experienced stagnated body 
mass growth that was lower than Vehicle control 
mice by the fifth dose (Figure 1a). Notably, this 
difference in body mass was not related to differ-
ences in food consumption, implying that Chemo 
mice may suffer nutrient malabsorption 

(Figure 1b). This was corroborated by lower aver-
age feed efficiency (body mass change to food mass 
consumption ratio) in Chemo mice across the 
study period (Figure 1c). To further characterize 
factors potentially contributing to body mass dif-
ferences, we investigated other potential sources of 
energy loss. Chemo mice exhibited decreased total 
locomotion (Figure 1d), particularly in the dark 
cycle, and lower body temperatures during the 
study period (Figure 1e).

Nutrient, water, and BA malabsorption are 
linked in patients with BAM. Chemo mice pro-
duced noticeably softer, wetter stools following 
repeated doses, indicative of malabsorption. 
Indeed, fecal wet mass was increased in Chemo 
mice by the final dose (Figure 1f). Total fecal BA 
displayed some inter-dose and intra-subject varia-
bility but tended to increase in Chemo mice by the 
end of treatment (Figure 1g). However, fecal BA 
was marked by an elevation in primary BA in 
Chemo mice (Figure 1h), particularly the main 
primary BA in rodents, tauro-muricholic acid 
(TMCA) (Figure 1i). Since primary BA are typically 
metabolized by the colonic microbiota, we 
hypothesized that this increase in conjugated BA 
would be accompanied by altered fecal micro-
biomes. The microbiomes of the two treatment 
groups were deemed equivalent at baseline, given 
that the only difference in composition was 
a mildly higher relative abundance of Clostridiales 
Family XIII in Chemo mice (0.1%±0.02 vs 0.02% 
±0.02%, nine sample counts = 0). Despite this, 
there were apparent differences in the fecal micro-
biomes of Chemo vs Vehicle mice by the end of 
treatment in the phylum Firmicutes, including 
a higher relative abundance of Lactobacillus, and 
variable abundances within the family Clostridiales 
(not Clostridiales Family XIII) (Figure 1j).33

Paclitaxel chemotherapy disrupts hepatic bile acid 
homeostasis

Given the stool consistency and higher BA concen-
trations consistent with BAM in this model, and 
scarcity of information regarding hepatic involve-
ment in BAM, livers were analyzed for histological, 
metabolic, and transcriptional alterations contri-
buting to BA homeostasis. Hall’s Bile Stain (an 
assay that stains bilirubin) was used to visualize 
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hepatic bile accumulation, and trichrome stain was 
used to evaluate hepatic fibrosis. Chemo livers 
exhibited higher bile accumulation and fibrosis 
compared to Vehicle (Figure 2a-b). Additionally, 
hepatic BA profiles were altered by Chemo, where 
total BA were diminished, but TMCA was elevated 
(Figure 2c, supplementary table S2). Elevated bilir-
ubin is an indicator of cholestasis (impaired bile 

flow), which can occur from bacteria-driven 
endotoxemia.34,35 Chemo livers contained higher 
lipopolysaccharide binding protein (LBP), an indi-
cator of lipopolysaccharide (endotoxin) (LPS) 
exposure (Figure 2d).

Chemo altered hepatic transcription of genes 
related to the metabolism, transport, and sensing of 
BA, xenobiotics, and lipids (Figure 2e). Expression 
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of rate limiting enzymes from both classical and 
alternative BA synthesis pathways, Cyp7a1 and 
Cyp7b1, were reduced in Chemo livers, corroborat-
ing lower hepatic BA concentration. There were no 
differences in the expression of bile acid-CoA:amino 
acid N-acyltransferase (Baat), the enzyme that con-
jugates BA (Vehicle = 1.29 ± 0.09 vs Chemo = 1.19  
± 0.09 [mean ± SE] p = 0.42). Additionally, expres-
sion of primary BA-sulfating enzyme, Sult2a8, and 
primary paclitaxel chemotherapy-hydroxylating 
enzyme, Cyp3a13, were lower with Chemo. 
Expression of several transporters that regulate the 
bile flow to biliary excretion, Abcg8, Abcb1a, 
Abcb1b, and Abcb4, and BA into circulation, 
Abcc1, were diminished in Chemo livers, corrobor-
ating higher bile staining in these animals. 
Additionally, Chemo livers exhibited dampened 
expression of BA receptors that regulate expression 
of BA homeostatic genes and link BA signaling to 
lipid metabolism. As anticipated, this was associated 
with lower transcripts related to lipid metabolism, 
with the exception of Scd1, which was elevated.

Next, we determined if either LPS or chemother-
apy exposure directly affects BA synthesis and 
transport by exposing primary hepatocytes to phy-
siologically relevant concentrations of both in vitro 
(Figure 2f). LPS, but not chemotherapy, diminished 
expression of similar genes in primary hepatocytes 
as observed in Chemo livers with a few caveats 
(Figure 2g). Specifically, Abcb1b expression was 
not altered by LPS, but increased as a main effect 
of chemotherapy, Vdr was decreased by both LPS 
and chemotherapy, and Pgc1b was induced by the 
combination of LPS and chemotherapy. Expression 
of other genes altered in vivo were not altered by 
Chemo or LPS in vitro (data not shown). Notably, 
changes in hepatocyte transcription were not due 
to the loss of hepatocyte viability (Figure 2h).

Paclitaxel chemotherapy reduces small intestinal 
bile acid absorptive capacity

To determine if our model mimics the clinical para-
digm of chemotherapy-induced enterotoxicity as 
a contributor to BAM, we turned our attention to 
metabolomics, histology, and transcription of the 
small intestine. As expected as a consequence of 
cholestasis, total BA were reduced in duodenal and 
jejunal contents of Chemo mice, but were similar in 

the ileum (Figure 3a, supplementary table S2). 
Intestinal absorption is governed by both anatomical 
structure and functional transporters. Expression of 
the chief BA transporter Slc10a2, BA absorption- 
responsive Fgf15, and absorptive surface area were 
reduced by Chemo in the ileum, the primary site of 
BA absorption (Figure 3b-d, supplementary table 
S3). Notably, expression of basolateral BA transporter 
heterodimers Slc51α and Slc51β were not affected by 
Chemo (supplementary table S3). Additionally, 
Chemo dampened expression of BA receptors 
Nr1h4, Nr1h3, Nr1i2, and Vdr as well as Chemo- 
detoxifying enzyme Cyp3a13 throughout the small 
intestine (Figure 3e).

Paclitaxel chemotherapy-altered bile acid profiles 
are related to colonic crypt hyperplasia

With BAM likely occurring in the Chemo small intes-
tine, we next investigated metabolomics, histology, 
and transcription of the distal intestine. BA profiles 
were altered across the cecal, proximal colonic, and 
distal colonic contents of Chemo mice (Figure 4a-b, 
supplementary table S2), with an increased ratio of 
primary BA to secondary BA. This ratio was exagger-
ated for the primary BA TMCA vs its microbial 
metabolite and secondary BA HDCA.

Similar to the small intestine, the distal intestine of 
Chemo mice exhibited segment-dependent morpho-
logical changes. While crypt depth was diminished in 
the cecum and unaltered in the proximal colon, crypt 
depth of the distal colon was enhanced in Chemo 
mice (Figure 4c). To explain this phenomenon we 
performed fluorescent immunohistochemistry and 
qPCR of proliferation marker Ki-67. Indeed, Ki-67 
fluorescence and expression were enhanced in 
Chemo mice (Figure 4d). Additionally, BA receptor 
expression was suppressed by Chemo in the distal 
intestine, except Gpbar1, which was enhanced in the 
distal colon (Figure 4e).

Next we determined if altered BA profiles, par-
ticularly TMCA:HDCA, could explain altered mor-
phology and transcription in the distal colon by 
exposing primary colonoids to BA concentrations 
similar to in vivo observations (specifically, the 
concentration of TMCA in Chemo mice, and the 
concentration of HDCA in Vehicle mice). 
Mimicking these observations, colonoids exposed 
to HDCA (but not TMCA) exhibited diminished 
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expression of Ki-67 and Gpbar1, while TMCA 
reduced expression of Nr1h3 (Figure 4o-q). 
However, HDCA also diminished expression of 
Vdr and Nr1i2 (Figure 4r-s).

Paclitaxel chemotherapy-induced alterations of the 
intestinal microbiome are related to altered bile 
acid profiles

Elevated ratio of primary BA to secondary BA led 
us to hypothesize that Chemo altered the intest-
inal microbiome, since secondary BA are strictly 
bacterial metabolites. Based upon 16S rRNA gene 
amplicon sequencing, the Chemo bacteriome was 
altered in every intestinal segment (Figure 5a). 
Higher relative abundance of Lactobacillus was 

a characteristic change, occurring in 4 out of 6 
segments (Figure 5b), which coincided with 
lower alpha diversity (Faith’s Phylogenetic 
Diversity) (Figure 5c). While other compositional 
alterations were not as consistent across seg-
ments, other notable shifts occuring in more 
than one segment as a result of Chemo include 
enhanced Lachnospiraceae adhufec236 (ileum, 
proximal colon, and distal colon), 
Anaerotruncus (cecum and proximal colon), and 
Mucispirillum (ileum and distal colon); but 
diminished Micrococcales (jejunum and ileum), 
Eubacterium plexicaudatum (ileum and cecum), 
Erysipelotrichaceae (cecum and proximal colon), 
Bacteroides (cecum and proximal colon), and 
Acetatifactor (cecum and distal colon).

Figure 3. Chemotherapy reduces small intestinal bile acid absorptive capacity. (a) Radar plots display concentration of all luminal BA 
species measured, bar plot displays total luminal bile acids. (b) Relative expression of small intestinal Slc10a2 (primary bile acid 
transporter). (c) Relative expression of small intestinal Fgf15 (responsive to absorbed BA). (d) Small intestinal representative images 
and absorptive surface area. (e) Small intestinal expression of BA receptors and chemo-metabolizing gene Cyp3a13. N = 18 (vehicle n  
= 10, chemo n = 8), *p < 0.05, NS=not significant. V=vehicle, C=chemotherapy, Duo=duodenum, Jej=jejunum, Ile=ileum. Gold scale 
bar = 100 μm.

10 B. R. LOMAN ET AL.



Figure 4. Chemotherapy-altered bile acid profiles are related to colonic crypt hyperplasia. (a) Radar plots display concentration of all 
luminal BA species measured. (b) Total luminal BA, ratios of luminal primary BA to secondary BA, and primary BA TMCA to secondary 
BA HDCA. (c) Representative images and distal intestinal crypt depths. (d) Representative images and immunofluorescent staining and 
gene expression of the proliferation marker ki-67. Golden scale bar = 100 μm and white arrows indicate ki-67 positive nuclei. (e) Distal 
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To ascertain which bacteria could be responsible 
for the conversion of TMCA to HDCA, we identi-
fied relevant bacterial differentials via Songbird. 
The logRatio of Clostridium cluster IV and 
Lachnospiraceae NK4A136 vs Lactobacillus was 
lower across Chemo colons, and inversely related 
to TMCA:HDCA (Figure 5l-n). This implied that 
enhanced relative abundance of Lactobacillus was 
associated with higher TMCA, and that diminished 
relative abundance of Clostridium cluster IV and 
Lachnospiraceae NK4A136 was associated with 
lower HDCA.

Gut microbiota transplant from paclitaxel 
chemotherapy-treated to germ-free mice 
recapitulates many phenotypic markers of bile acid 
dysregulation

To further elucidate the role of the enteric micro-
biota in chemotherapy-induced BA dysregulation, 
we employed gut microbiota transplant (GMT) 
from either chemotherapy-treated (Chemo-GMT) 
or vehicle control (Vehicle-GMT) donors into 
germ-free mice. The liver, ileum, and colon of 
GMT mice were examined for the same primary 
endpoints demonstrated in conventional animals.

Chemo-GMT mice demonstrated similar levels 
of hepatic bile accumulation and LBP (Figure 6a,c) 
but elevated fibrosis (Figure 6b) compared to 
Vehicle-GMT counterparts. Hepatic transcription 
of Cyp7a1, Cyp7b1, and Nr1h4 were lower in 
Chemo-GMT compared to Vehicle-GMT, while 
other genes altered in conventional Chemo were 
not differentially expressed (Figure 6d).

In the ileum, transcription of Fgf15, Nr1h4, Vdr, 
and Cyp3a13 were lower in Chemo-GMT vs Vehicle- 
GMT, while Scl10a2 and Nr1i2 tended to be lower 
(Figure 6e). In the distal colon, only proliferation 
marker Ki67 was higher in Chemo-GMT (Figure 6f).

Discussion

Here-in, we provide evidence that paclitaxel che-
motherapy-induced BAM is a multi-organ disorder 

involving the entire microbiota-enterohepatic axis, 
expanding the pathophysiology of BAM beyond 
enterotoxicity. We also highlight multiple com-
partments within the microbiota-hepatic axis as 
therapeutic targets to ameliorate chemotherapy- 
induced GI side effects, primarily gut barrier dis-
ruption and diminished gut microbial BA 
metabolism.

BAM induces malabsorption-associated weight 
loss in patients undergoing chemotherapy, attrib-
uted to BA-enhanced intestinal motility and 
reduced nutrient absorption.36–38 Similarly, we 
documented weight stagnation (during a linear 
phase of growth) in conjunction with increased 
fecal BA and water content, despite similar food 
consumption, decreased body temperature, and 
decreased locomotion. These data rule out meta-
bolic inefficiency and activity-associated energy 
expenditure as sources of energy loss. While we 
were unable to quantify fecal energy loss, malab-
sorption is the most likely cause of the observed 
stunting and would mirror combined weight loss 
and BAM in patients undergoing chemotherapy.

Cholestasis is a reported side-effect in patients 
treated with chemotherapy including paclitaxel, 
although the underlying causes are not well- 
defined.39 As the liver is the primary site of xeno-
biotic (i.e. chemotherapeutic) detoxification and 
biliary elimination, hampering these processes 
would lead to bioaccumulation and hepatic toxi-
city. In this study, Chemo livers exhibited multiple 
signs of cholestasis and impaired xenobiotic meta-
bolism as indicated by bile accumulation, fibrosis, 
diminished BA synthesis, and impaired expression 
of the primary enzyme in paclitaxel detoxification, 
Cyp3a13. Hepatic BA accumulation induces nega-
tive feedback on the classic (Cyp7a1) and alterna-
tive (Cyp7b1) BA synthesis pathways via Nr1h4 
and Gpbar1 respectively.40,41 Notably, these feed-
back pathways do not seem to impair synthesis of 
TMCA, which is regulated by Cyp2c70.41,42 In line 
with this concept, hepatic expression of Cyp2c70 
was not different in Chemo mice (data not shown), 
and TMCA was elevated.

intestinal relative expression of BA receptors. (f) Graphic representation of colonoid culture and exposure study design. (g) Gene 
expression from in vitro exposure of primary colonoids to physiological concentrations of HDCA and TMCA. (a-e) N = 18 (vehicle n = 10, 
chemo n = 8), (g) N = 96 (n = 24/group), *p < 0.05. V=vehicle, C=chemotherapy, Cec=cecum, PC=proximal colon, DC=distal colon, 
BA=BA, TMCA=tauro-muricholic acid, HDCA=hyodeoxycholic acid.
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Our data also highlights the potential contribu-
tion of endotoxemia to chemotherapy-related 
cholestasis. The idea of LPS-induced cholestasis 
is not novel,34,35 but is underappreciated during 

cancer therapy where intestinal barrier function is 
routinely disrupted,43 promoting systemic LPS 
exposure that can induce cholestasis.44 Chemo 
mice exhibited indicators of intestinal barrier 

Figure 5. Chemotherapy-induced alterations of the intestinal microbiome are related to altered BA profiles. (a) Heat trees display 
significant differences in 16S rRNA gene amplicon profiles in Chemo vs vehicle. Nodes displaying log2FoldChange and edges 
displaying number of amplicon sequence variants composing each node. Black arrows emphasize Lactobacillus. (b) Relative 
abundance of lactobacillus in intestinal contents. (c) Alpha diversity (Faith’s phylogenetic diversity). (d) A bacterial differential [i.e. 
log(ratio) of the relative abundances of specific taxa] generated via Songbird and correlation to ratio of TMCA to HDCA. N ≤ 18 (vehicle 
n = 7-10, chemo n = 8), *p < 0.05, V=vehicle, C=chemotherapy, PC=proximal colon, DC=distal colon, TMCA=tauro-muricholic acid, 
HDCA=hyodeoxycholic acid.
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disruption and hepatic endotoxemia, including 
elevated hepatic LBP and reduced intestinal 
crypt depth and villus height. In particular, ele-
vated hepatic LBP prompted investigation of 
hepatic LPS exposure in vitro. Indeed, LPS 
reduced expression of many genes involved in 
bile flow and BA, xenobiotic, and lipid metabo-
lism as observed in vivo, demonstrating that 
hepatic endotoxemia may be clinically related to 
BAM in this population. Importantly, Chemo- 
GMT mice did not display most signs of LPS- 
induced cholestasis (increased bile stain, 
increased LBP, or reduced expression of genes 
reduced by LPS exposure). This suggests that 
changes in the gut microbiome alone are not 
sufficient to induce cholestasis, and that che-
motherapy-induced systemic LPS exposure 

(most likely due to intestinal barrier disruption) 
is an important target for reducing BAM. 
Specifically, we propose that without chemother-
apy-induced gut barrier disruption in Chemo- 
GMT mice there was reduced risk of transloca-
tion of gut microbial antigens such as LPS into 
circulation. Without higher hepatic LPS exposure, 
Chemo-GMT mice did not exhibit reduced 
expression of BA transporters nor increased bile 
staining.

BAM is primarily believed to occur in response 
to ileal enterotoxicity and mucositis.45,46 

Enterotoxicity was evident in Chemo mice, which 
had diminished absorptive surface area in the small 
intestine. However, this was compounded by 
reduced expression of chief BA transporter 
Slc10a2 (also known as Asbt) in the ileum. Chemo- 

Figure 6. Gut microbiota transplant from chemotherapy-treated to germ-free mice recapitulates many phenotypic markers of bile acid 
dysregulation. (a) Hepatic Hal’s bile stain for bilirubin (marker of bile accumulation). Positive staining is green to brown in color. (b) 
Hepatic trichrome stain for collagen (marker of fibrosis). Positive staining is blue. (c) Serum LPS binding protein concentration. (d) 
Hepatic relative expression of genes involved in BA and xenobiotic metabolism, BA transport, BA sensing, and lipid metabolism. (e) 
Ileal expression of BA receptors and chemo-metabolizing gene Cyp3a13. (f) Distal colonic expression of BA receptors and proliferation 
marker Ki67. (a-f) N = 18 (vehicle-gmt n = 9, chemo-gmt n = 9), *p < 0.05. GMT = gut microbiota transplant.
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induced cholestasis reduced luminal BA concentra-
tion in the proximal small intestine and reduced 
BA absorption in the distal ileum, presumably 
accounting for equivalent ileal luminal BA in 
Chemo and Vehicle. While we did not elucidate 
potential causes of Slc10a2 downregulation, its 
expression adaptively decreases during cholestasis 
in both rodents and humans, and is related to 
circulating BA and bilirubin.47,48 Activation of BA 
receptors can also regulate expression of Slc10a2, 
and Chemo mice displayed reduced expression of 
multiple BA receptors throughout the small 
intestine.49 However, Chemo-GMT recapitulated 
nearly all of the same effects on ileal transcription 
witnessed in conventional Chemo mice, suggesting 
that changes in the small intestinal microbiota are 
also influential in chemotherapy-induced BAM. 
Similarly, other studies have noted that chemother-
apy alters structure and function of the gut micro-
biome of mice and humans, and that germ-free 
rodents experience lower chemotherapy-induced 
enterotoxicity compared to their conventional 
counterparts.50,51 Lastly, expression of Cyp3a13 
was also diminished in the small intestine. 
Xenobiotic detoxification is believed to occur pri-
marily in the liver, but this data indicates that 
intestinal detoxification of chemotherapeutics 
could be an interesting target to reduce enterotoxi-
city, although this requires further investigation.

BAM can lead to BA diarrhea (BAD) due to 
enhanced colonic BA exposure, exacerbating 
malabsorption and dehydration. We observed 
drastic changes in BA profiles and crypt morphol-
ogy in the distal intestine of Chemo mice. Most 
prominently, the ratio of primary to secondary BA 
was elevated and marked by enhanced TMCA and 
diminished HDCA. Indeed, patients with BAD also 
have higher total fecal primary BA and higher 
primary BA to secondary BA ratio.52 

Concurrently in our study, cecal crypt depth of 
Chemo mice shrank (as expected from enterotoxi-
city), but surprisingly distal colonic crypt depth 
grew concordantly with proliferation marker Ki- 
67. Crypt hyperplasia is problematic in that uncon-
trolled renewal of the intestinal epithelium leads to 
a higher proportion of poorly differentiated colo-
nocytes, thus hampered secretory and absorptive 
functions. BA influence colonic motility and 

colonocyte proliferation conversely through activa-
tion of Nr1h4 or Gpbar1. Loss of Nr1h4 function 
promotes BAD, its activation suppresses colono-
cyte proliferation, and its expression was lower in 
the small intestine (but not the colon) of Chemo 
mice.53,54 Conversely, Gpbar1 activation stimulates 
colonic motility and colonocyte proliferation, and 
was more highly expressed in Chemo mice.55 In- 
vitro, TMCA did not alter expression of Ki67 or 
Gpbar1 in colonoids, while HDCA dampened Ki- 
67 and Gpbar1 expression. Chemo-GMT also 
diminished expression of Nr1h4 in the ileum and 
enhanced distal colonic expression of Ki-67, 
further implicating microbial metabolites as key 
regulators of BAM pathophysiology. While 
HDCA is a dual Nr1h4 and Gpbar1 agonist,56 

HDCA’s anti-proliferative effect in colonocytes 
was recently demonstrated to be Nr1h4- 
dependent in porcine colonoids, consistent with 
our study.57 Finally, although BA composition is 
somewhat different in rodents vs humans due to 
differences in primary bile acid synthesis (muri-
cholic acids dominating in rodents vs cholic and 
chenodeoxycholic acids in humans) and gut micro-
biota composition, the overarching phenomena 
observed here in mice are translatable to humans 
receiving chemotherapy. As mentioned, BAD is 
associated with a higher primary to secondary bile 
acid ratio, and secondary BA common in humans 
like deoxycholic acid (which can be derived from 
cholic acid) also exert antiproliferative effects on 
the intestinal epithelium.52,58 Altogether, this sug-
gests that therapies enhancing both Nr1h4 activa-
tion and microbial BA metabolism may be effective 
in ameliorating BAD.

BAM and reduced secondary BA concentra-
tions in Chemo mice coincided with altered 
microbiota in every segment of the intestine. 
Taxonomic differences (primarily the phylum 
Firmicutes) increased from duodenum to ileum, 
then decreased from ileum to distal colon. 
Relative abundance of Lactobacillus, a genus 
recognized for its ability to tolerate and metabo-
lize BA in the intestinal environment, was altered 
across most segments.59 Lactobacillus was inver-
sely related to Clostridium cluster IV and 
Lachnospiraceae NK4A136. The ratio of these 
bacterial relative abundances was inversely related 
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to TMCA:HDCA, implying that relative increases 
in Lactobacillus and decreases in Clostridium clus-
ter IV and L. NK4A136 occur in tandem with 
relative increases in TMCA and decreases in 
HDCA. Although potential HDCA metabolic 
pathways are understudied, one murine isolate 
(a Gram-positive rod) is documented to fully 
metabolize TMCA to HDCA.60 Notably, Bacteria 
in the genus Clostridium are well-recognized to 
metabolize primary BA to secondary BA and are 
mostly Gram positive rods.61 While considerably 
less is known about the family Lachnospiraceae, 
L. NK4A136 is associated with altered lipid and 
BA metabolism in conjunction with elevated 
HDCA, consistent with our results.62,63 This 
places Clostridium cluster IV and/or L. NK4A136 
as prime candidates for this metabolic trait, but 
requires further investigation. Bacteroides 
(another BA-metabolizing genus) was depressed 
in the cecum and proximal colon where the ratio 
of primary to secondary BA was skewed by 
Chemo. Although it was not associated with 
TMCA:HDCA, Bacteroides’ contribution to BA 
metabolism during chemotherapy should not be 
ruled out. A similar study providing moderate- 
dose melphalan chemotherapy to rats demon-
strated reduced total circulating BA concentra-
tions, reduced primary BA to secondary BA 
ratio, and reduced ileal absorptive surface area 
and Slc10a2 expression in combination with 
reduced fecal microbial alpha diversity. This sug-
gests than many of the underlying contributors to 
BAM could be similar between different che-
motherapeutic classes.64

Several limitations to this study should be noted 
and addressed by future investigations. We investi-
gated only female mice given that paclitaxel is pri-
marily utilized in the treatment of female 
reproductive cancers (i.e. breast and ovarian). 
However, sexual dimorphism in BA-related pheno-
types may exist between male and female animals 
treated with chemotherapy. Furthermore, these 
effects might not be easily extrapolated to other 
types of chemotherapy or multi-drug cocktails that 
have differing mechanisms of action and potential 
interactions. Fecal BA excretion was determined 
using a single sampling time point rather than an 
entire 24-hour period, which may provide a more- 
complete picture of BA excretion. Finally, since this 

study was not designed to mechanistically determine 
the causal series of events leading to these BA-related 
phenotypes, we cannot implicate hepatotoxicity of 
chemotherapy or LPS, enterotoxicity, or dysfunc-
tional enteric microbial communities as the primary 
casual factor in the development of BAM.

In total, this work identifies several pathways by 
which paclitaxel chemotherapy influences BAM 
across the entire microbiota-enterohepatic axis in 
a segment-dependent manner. These data place 
host-microbe interactions as central targets for 
therapeutic interventions to ameliorate BAM, and 
prompt investigation of other cancer therapies for 
similar responses. We propose a working paradigm 
to be verified by future studies in which: 1) che-
motherapy induces enterotoxicity – compromising 
intestinal barrier function, BA absorption, and 
enteric microbial populations, leading to 2) bacter-
ial translocation, hepatic endotoxemia and choles-
tasis, 3) impaired BA absorption and microbial 
metabolism altering BA signaling in the colonic 
epithelium, which cumulatively 4) promote che-
motherapy-induced GI symptoms. Therefore, 
development of therapies that leverage the micro-
biota to protect against enterotoxicity while pro-
moting BA metabolism will likely enhance the 
quality of life and treatment outcomes for patients 
undergoing cancer therapy.
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