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Nonalcoholic fatty liver disease is a rapidly rising problem in
the 21st century and is a leading cause of chronic liver disease
that can lead to end-stage liver diseases, including cirrhosis and
hepatocellular cancer. Despite this rising epidemic, no pharma-
cological treatment has yet been established to treat this disease.
The rapidly increasing prevalence of nonalcoholic fatty liver
disease and its aggressive form, nonalcoholic steatohepatitis
(NASH), requires novel therapeutic approaches to prevent dis-
ease progression. Alterations in microbiome dynamics and dys-
biosis play an important role in liver disease and may represent
targetable pathways to treat liver disorders. Improving micro-
biome properties or restoring normal bile acid metabolism may
prevent or slow the progression of liver diseases such as NASH.
Importantly, aberrant systemic circulation of bile acids can
greatly disrupt metabolic homeostasis. Bile acid sequestrants
are orally administered polymers that bind bile acids in the
intestine, forming nonabsorbable complexes. Bile acid seques-
trants interrupt intestinal reabsorption of bile acids, decreasing
their circulating levels. We determined that treatment with the
bile acid sequestrant sevelamer reversed the liver injury and pre-
vented the progression of NASH, including steatosis, inflamma-
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tion, and fibrosis in a Western diet-induced NASH mouse
model. Metabolomics and microbiome analysis revealed that
this beneficial effect is associated with changes in the microbiota
population and bile acid composition, including reversing
microbiota complexity in cecum by increasing Lactobacillus
and decreased Desulfovibrio. The net effect of these changes was
improvement in liver function and markers of liver injury and
the positive effects of reversal of insulin resistance.

Nonalcoholic fatty liver disease (NAFLD)? is rapidly increas-
ing in prevalence in the 21st century, and it is a leading cause of
chronic liver disease that can lead to end-stage liver diseases,
including cirrhosis and hepatocellular cancer. Despite this
worsening epidemic, an effective pharmacological treatment
has not been developed. Novel therapeutic approaches are
required to prevent and decreases the progression of NAFLD
and its aggressive form, nonalcoholic steatohepatitis (NASH)
(1, 2). The liver is a key metabolic organ exposed to high levels
of intestinal products through portal vein and systemic circula-
tion. An altered microbiota (i.e. “dysbiosis”) may lead to
increased intestinal permeability, amplifying many of these gut-
derived effects (3). The changes in specific microbial products,
secondary to altered gut microbiota composition, and the
changes in intestinal permeability and function can affect
hepatic structure and function, further increasing the risk of
NASH. Patients with NASH have a higher prevalence of micro-
bial dysbiosis. Human studies further document that NASH
patients have a less complex gut microbiota than that of healthy
subjects (4, 5).

3 The abbreviations used are: NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; LF, low-fat; WD, Western diet; BAS, bile acid
sequestration or bile acid sequestrant; FXR, farnesoid X receptor; H&E,
hematoxylin and eosin; CARS, coherent anti-Stokes Raman scattering; PSR,
Picro Sirius Red; PCA, principal component analysis; LCA, lithocholic acid;
ESI, electrospray ionization; SHG, second harmonic generation; THG, third
harmonic generation; PERMANOVA, parametric multivariate analysis of
variance; ALT, alanine transaminase; AST, aspartate transaminase; FLIM,
fluorescence lifetime imaging microscopy.
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Sevelamer reverses liver injury and prevents NASH

Bile acids are produced from cholesterol in the liver and
metabolized by enzymes encoded by the gut microbiota and are
critical for maintaining a healthy gut microbiota (6, 7). Bile acid
synthesis is tightly regulated by negative feedback inhibition
through the nuclear receptor farnesoid X receptor (FXR) (8).
FXR is a transcription factor that binds to the promoter region
and initiates the expression of target genes involved in bile acid
synthesis and transport and is expressed in the liver, intestine,
and kidney. Bile acid compositions of patients with NASH are
significantly different from those of healthy subjects (9).

Sevelamer is a nonabsorbable resin used for the treatment of
hyperphosphataemia in patients with chronic kidney disease.
Substantial protonation of this polymer at physiological pH
allows binding and increased fecal excretion of negatively
charged phosphate (10). In addition, sevelamer was demon-
strated to exert a marked bile acid-binding effect, similar to the
second-generation bile acid sequestrant (BAS), colesevelam (11),
which is approved as a glucose-lowering drug for the treatment of
type 2 diabetes in the United States. Sevelamer was previously
demonstrated to elicit significant reductions in plasma glucose
concentrations in patients with type 2 diabetes (12).

The potential effects of BAS on reversal of liver injury and
prevention of the progression of NASH, however, have not
been studied. The current study revealed that treatment with
the bile acid sequestrant sevelamer reversed liver injury and
prevented the development of NASH, including steatosis,
inflammation, and fibrosis in mice with Western diet—induced
NAFLD (42% milk fat, 34% sucrose, and 0.2% cholesterol).
These results suggest a novel role for BAS treatment in the
prevention and treatment of NASH.

Results

Sevelamer intervention decreases the severity of WD-induced
NASH

To determine whether sevelamer intervention could
decrease the severity of WD-induced NASH, mice were fed a
WD for 15 weeks without any treatment and then for an addi-
tional 15 weeks either with no treatment or treatment with
sevelamer. At the end of the 15-week WD feeding, livers from
LF-fed mice showed no steatosis or inflammation, whereas
those from WD-fed mice had steatosis, hepatocellular injury,
and inflammation. After 15 weeks of sevelamer intervention,
there were only small amounts of steatosis, injury, and inflam-
mation (H&E-stained tissue; Fig. 1, A and B), significant
decreases in body weight, liver weight, and fasting serum glu-
cose levels in WD-fed mice (Table 1). These improvements
were associated with decreased steatosis and reduced hepatic
lipid levels as determined by coherent anti-Stokes Raman scat-
tering (CARS) microscopy imaging (Fig. 1A), and liver triglyc-
eride and cholesteryl ester measurements (Fig. 1C). Sevelamer
intervention also increased fecal cholesterol and triglyceride
levels, suggesting an increase in their excretion or a decrease in
their absorption (Fig. 1D). Importantly, sevelamer intervention
decreased the severity of liver fibrosis as determined by Picro
Sirius Red (PSR) (Fig. 2, A and B) and collagen 1 staining (Fig. 2,
C and D) in WD-fed mice. The reduction in fibrosis was asso-
ciated with decreases in Tgfb, collagen 1al (Collal), and colla-
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gen 3al (Col3al) mRNA expression (Fig. 2G), which indicates
that sevelamer treatment may disrupt the pathophysiological
processes responsible for collagen deposition. Sevelamer inter-
vention also significantly reduced the pronounced hepatic
inflammation found in WD-fed mice, as demonstrated by CD3
immunostaining (Fig. 2, £ and F) and Ccl2 (Mcpl) mRNA
expression (Fig. 2G). Collectively these data show that
sevelamer intervention is capable of reversing several of patho-
logical abnormalities that characterize NASH.

Sevelamer prevents WD-induced NASH

NASH is characterized by hepatic steatosis, inflammation,
and fibrosis (13). After 24 weeks in the absence of sevelamer,
there were marked increases in body, liver, and fat weight in
C57BL/6] mice fed the WD (Table 2). In addition, we found that
the levels of serum triglycerides, cholesteryl ester, alanine
transaminase (ALT), and aspartate transaminase (AST) were
significantly elevated in WD-fed mice compared those in LF-
fed control mice, which are indicative of impaired liver function
and injury (Table 2). H&E-stained sections from livers demon-
strated that WD-fed mice exhibited lipid accumulation charac-
terized by a mixture of macro- and microvesicular steatosis
(Fig. 3A). Label-free imaging with CARS microscopy also
revealed increased hepatic neutral lipid accumulation (Fig. 3A4),
which corresponded to marked increases in liver triglyceride
and cholesterol contents (Fig. 3B). Significantly, the addition of
sevelamer to the WD prevented increases in body and liver
weight, adipose content, as well as elevation of fasting blood
glucose levels and serum triglyceride and cholesterol and ALT
and AST levels (Table 2). Additionally, sevelamer administra-
tion prevented liver steatosis as determined by H&E staining,
CARS microscopy, and biochemical measurement of liver trig-
lyceride and cholesterol content (Fig. 3, A and B). Moreover,
sevelamer treatment prevented the increase in lipid droplet
size, as is evident calculated from fluorescence lifetime imaging
microscopy (FLIM) images (Fig. 3C). The histogram of fat drop-
lets above 85 wm? demonstrated that, compared with WD,
sevelamer prevented the increase in lipid droplet size to the
same size that is seen in LF diet—treated mice (Fig. 3D). Impor-
tantly, sevelamer prevented the fibrotic changes found in WD-
fed mice. Mice fed WD developed significant liver fibrosis,
which was ameliorated by sevelamer, as determined by label-
free SHG imaging (Fig. 4, A and B). Sevelamer also prevented
profibrotic elevation of Tgfb, Collal, Col3al, and, a-smooth
muscle actin (Acta2) mRNA expression seen in WD-treated
mice (Fig. 4D). These results indicate that sevelamer prevents
WD-induced fibrosis associated with progressive liver injury.

Sevelamer alters liver lipid profiles in WD-induced NASH

In mouse models of NASH, WD feeding is associated with
significant changes in the composition of hepatic lipids linked
to disease progression (13, 14). To investigate the effect of
sevelamer on WD-induced lipid dysregulation, untargeted lip-
idomics was carried out on livers from LF-, WD-, and WD plus
sevelamer—fed mice. There was clear separation in the principal
component analysis (PCA) plots among three groups (Fig. 54).
Major ions driving PCA separation were identified based on
associated loading scatter plots (Fig. 5B). According to the
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Figure 1. Sevelamer treatment/intervention reverses liver steatosis in WD-induced NASH. A, H&E staining and CARS for label-free imaging of lipid
deposits in WT mice with LF, WD, or both WD and sevelamer (Sev). B, liver injury according to the liver injury scoring system. C, hepatic triglyceride (TG) and
cholesteryl ester levelsin WT mice fed LW, WD, or WD + sevelamer. D, cholesteryl ester and triglyceride excretion in feces (n = 6 mice). *, p < 0.05; ***,p < 0.001.

Table 1
Metabolic parameters for intervention/treatment/reversal studies
The data are means = S.E. (n = 6 mice in each group).

WD +
LF WD sevelamer
Body weight (g) 38409  495+11¢ 397+ 1.0°
Liver weight (g) 158 +0.04 393 %022 198+ 0.18"
Blood glucose (mg/dl) 218 =122  233%76 187 + 14.1°
Serum ALT (units/liter) 453 + 3.1 88.3 £17.2 54.4 + 13.1°
Serum AST (units/liter) 26.5*+0.8 482 = 7.2¢ 42.1 = 3.4

“ p<0.05vs. LF.
? p < 0.05 vs. WD.

metabolomics database (METLIN MS/MS Database) and
MS/MS spectra, these ions were identified, and their relative
abundances are depicted in the heat map (Fig. 5C). The levels of
multiple lipids from different lipid classes, including phosphati-
dylcholine, phosphoethanolamine, triglyceride, sphingomy-
elin, cholesterol, lactosylceramide, cholesterol ester, retinol,
lysophosphatidylcholine, and diglyceride, were changed by
WD feeding. These changes were substantially abrogated by
sevelamer treatment. More interestingly, the lipids decreased

SASBMB

in WD-treated mice mainly belong to the species with docosa-
hexaenoic acid side chain, whereas they were increased by
sevelamer (Fig. 5C and Fig. S1).

Sevelamer modifies total bile acid and bile acid composition in
WD-induced NASH

Bile acid compositions of patients with NASH are signifi-
cantly different from those of healthy subjects (9). We mea-
sured the levels of individual bile acids in liver, ileum, and
cecum (Fig. 6, A-C). Total bile acid levels decreased by
sevelamer treatment in liver, intestine, and cecum. Moreover,
this beneficial effect is associated with changes of bile acid com-
position (Fig. 6, A—C) in LF, WD, and WD + sevelamer—fed
mice. The results showed that sevelamer treatment resulted in
alterations of individual bile acid species including increased
LCA inileum and decreases in most of the other bile acids (Fig.
6B). Bile acids can absorb hydrophobic materials such as
cholesterol and phospholipids to form mixed micelles. WD
increased the bile acid hydrophobicity index, whereas
sevelamer treatment decreased it (Fig. 6D). This result indi-
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Figure 2. Sevelamer treatment/intervention ameliorates liver fibrosis in WD-induced NASH. A, Picro-Sirius Red staining is shown in bright field (top) and
polarized light (bottom). B, fibrosis is quantified by PSR staining under polarized light. C, collagen | immunostaining. D, quantification of collagen | positive. £, CD3
immunostaining. F, quantification by the ratio of CD3 area to 4',6'-diamino-2-phenylindole area. G, relative mRNA levels of the profibrotic genes transforming growth
factor B1 (Tgfb), collagen 1a1 (ColTaT), and collagen 3a1 (Col3al) in LW, WD, and WD + sevelamer (Sev; n = 4-6 mice). *, p < 0.05. PT, portal triad; CV, central vein.
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Table 2
Metabolic parameters for prevention studies
The data are means = S.E. (n = 6 mice in each group).

WT WD +
WT LF WT WD sevelamer
Body weight (g) 36803 463 +26° 37908
Liver weight (g) 1.68 +0.06 4.39 +0.26* 1.69 = 0.09”
Fat weight (g) 7.95+0.31 155+ 1.09° 5.64 * 0.42°
Lean weight (g) 245+ 035 253+ 058 269+ 047"
Fasting blood glucose (mg/dl) 865+ 7.1 110 =7.0° 763 *5.0°
Serum ALT (units/liter) 449 +13 785*8.0° 463+ 0.8
Serum AST (units/liter) 254 +31 39.7*6.1 18.9 + 1.5”
Serum triglycerides (mg/dl) 610+ 128 79.4*98 34.9 + 1.8°
Serum cholesterol (mg/dl) 138 = 9.8 252 +29.8* 139 + 4.1°

“ p<0.05vs LF.
b p <0.05vs. WD.

cated that sevelamer decreased bile acid hydrophobicity,
resulting in decreased lipid absorption from intestine.

Sevelamer modifies WD-induced changes in the gut
microbiota

Microbiota of the cecum and colon were profiled in all treat-
ment groups by 165 rRNA gene sequencing. Modest differences
(Fig. 7A) in overall microbiome composition were noted across
all three treatment groups in both the cecum (p = 0.074) and
colon (p = 0.12). Pairwise PERMANOVA tests indicated that
these differences were due primarily to the LF versus WD com-
parisons in both cecum (p = 0.052) and colon (p = 0.011).
Furthermore, in the cecum, both LF and WD + sevelamer
treatment groups exhibited significantly greater microbial
diversity (Shannon’s H diversity index) compared with WD
(p = 0.062 and p = 0.025, respectively; Fig. 7B); diversity was
unchanged across treatment groups in the colon. No differ-
ences in microbial richness were noted in either the cecum or
colon (Fig. 7B). The complex interactions between diet and
sevelamer treatment were evident through comparison of the
relative abundances of individual taxa between treatment
groups (Fig. S2). In all three pairwise comparisons of treatment
groups, multiple taxa differed significantly in relative abun-
dance. Of note, the genus Lactobacillus (phylum Firmicutes)
was depleted in the WD group compared with both LF and
WD + sevelamer (p < 0.05 and p < 0.01, respectively). In con-
trast, the proteobacterial genus Desulfovibrio was enriched in
WD compared with both LF and WD + sevelamer (p < 0.05 for
each comparison). However, many other taxa differed between
LF and WD + sevelamer animals, indicating that sevelamer
treatment did not simply reverse the shifts of colonic microbi-
ota observed in WD animals (i.e. LF versus WD).

As described above, bile acid pools were altered by both WD
and sevelamer treatment. Because intestinal bile acids not only
act as anti-microbial agents but are metabolized by selected gut
microbes (15), we hypothesized that shifts in bile acid pools in
the intestinal lumen might underlie the observed changes in gut
microbiota. Consequently, concentrations of cecal bile acid
species of LF, WD, and WD + sevelamer mice were correlated
with the relative abundances of cecal and colon microbiota (Fig.
7C). In both anatomical sites, selected bacterial taxa were sig-
nificantly associated (either positively or negatively) with a
range of bile acid species. However, hierarchical clustering did
not segregate bile acid species by taurine conjugation status or
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bacterial genera by phylum-level affiliation. For example, the
genera Lactobacillus (of the phylum Firmicutes) and Alistipes
(of the phylum Bacteroidetes) were negatively correlated with
several conjugated and unconjugated bile acids, whereas
diverse Firmicutes (Anaerotruncus, Coprococcus, Turicibacter,
and Lachnospiraceae) were positively correlated with the same
bile acid species.

Discussion

The present study indicates that bile acid sequestration
sevelamer prevents and treats WD-induced NASH in mice, by
decreasing the NASH hallmarks of lipid accumulation, inflam-
mation, and fibrosis. Moreover, sevelamer was found to modu-
late the gut microbiome and bile acid metabolism, resulting in
reversing microbiome complexity in cecum and increasing Lac-
tobacillus and decreased inflammation related bacteria Desul-
fovibrio. Recent evidence indicates that treatment strategies for
improving bile acid metabolism may prevent or slow the pro-
gression of liver disease (16—18). Bile acid sequestrants are
orally administered nonabsorbable polymers that bind bile
acids in the intestine to form nonabsorbable complexes, inter-
rupting the enterohepatic circulation of intestinal bile acids.
The present studies show that BAS treatment prevents and
decreases the severity of manifestations of WD-induced (42%
milk fat, 34% sucrose, and 0.2% cholesterol) NASH in C57BL/6]
mice, including the decreases in serum AST, ALT, and lipids
(Fig. 1 and Table 1) as determined by CARS for label-free imag-
ing of lipid deposits (19-21). Fibrosis is characterized by the
excessive accumulation of extracellular matrix components,
leading to disrupted tissue function in affected organs. Progres-
sive fibrosis is the hallmark of NASH disease progression, and
therefore, reducing fibrosis is an important goal of therapy.
Sevelamer treatment prevents fibrosis in the liver on WD-
induced NASH model, whereas mice fed WD developed signif-
icantliver fibrosis, which is associated with significant increases
in liver profibrotic genes. These results indicated that
sevelamer/bile acid sequestration might be possible candidates
for treatment of human NASH.

The human gut microbiota includes 10-100 trillion micro-
organisms, mainly bacteria, that vastly outnumber our own
human cells (22). The term dysbiosis refers to disruption of the
normal gut microbiota. Dysbiosis has been described in
patients with obesity (23) or other features of metabolic syn-
drome (24), established NASH (25-27), and T2DM (28 -31).
Several studies have stressed the role of the gut microbiota in
NASH (26, 32-34), but causality is yet to be established.
Patients with NASH have a higher prevalence of small intestinal
bacterial overgrowth (35, 36) and microbial dysbiosis (26). A
potential role for sevelamer in modifying the gut microbiome
was identified. In the cecum, both sevelamer treatment of WD-
fed mice reversed microbial diversity similar to the LF-fed
groups. Notably, the genus Lactobacillus (phylum Firmicutes)
was depleted in the WD group compared with both LF and
WD + sevelamer. In contrast, the proteobacterial genus Desu!-
fovibrio was enriched in WD compared with both LF and
WD + sevelamer. Desulfovibrio are consistently associated
with the development of obesity, adipose tissue, and systemic
inflammation and metabolic comorbidities in both humans (29,

J. Biol. Chem. (2020) 295(14) 4733-4747 4737
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Figure 3. Treatment of WD-fed mice with sevelamer prevents liver steatosis. A, sevelamer administration prevents liver steatosis in both WD-induced WT
mice as determined by H&E staining and CARS microscopy. B, intensity (top), FLIM (mapped for fat droplets in red areas) (middle), and THG (bottom) images of
samples from LF, WD, and WD + sevelamer (Sev). The control and WD + sevelamerimages have two panels. The left panelis 360 um, and the right one is zoomed
in at 90 um, which is the central part of the left panel. THG and FLIM shows that the same droplets are imaged using FLIM and THG. C, the histogram of the size
of fat droplets was calculated based on the red areas in the FLIM images. D, hepatic triglyceride (TG) and cholesteryl ester levels (n = 6 mice). *, p < 0.05; ***,p <
0.001. Ctrl, control. PT, portal triad; CV, central vein.
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Figure 4. Treatment of WD-fed mice with sevelamer prevents fibrosis. A, representative SHG images of liver tissues obtained using the Diver microscope
with LF, WD, and WD + sevelamer (Sev). Green signal represents SHG from collagen. Red color represents autofluorescence from rest of the tissue. B, collagen
SHG was selected using the green cursor of the phasor map, and the red cursor was used to map the autofluorescence. C, quantification of SHG signal by
green/red ratio. D, mRNA expressions of profibrotic genes Tgfb, Col1al, Col3al, and ActaZ2 in liver of mice fed LF, WD, and WD + sevelamer (n = 6 mice). *, p <

0.05; **, p < 0.01; ***, p < 0.001.

37) and rodents (38). These studies further document that the
anti-inflammatory effects are also associated with the preven-
tion and decreased severity of liver fibrosis.

A recent study revealed that the intestine-restricted FXR
agonist fexaramine markedly increased taurolithocholic acid,

SASBMB

increased secretion of GLP-1, and improved insulin and glu-
cose tolerance by TGR5 activation (39). Fexaramine treatment
increased the abundance of Helicobacter, Alistipes, Bacteroides,
Anaeroplasma, Flavonifractor, Acetatifactor, and Shewanella.
In the present study, Alistipes were correlated with LCA and
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Figure 5. Western diet and sevelamer modulate lipid metabolism in liver. A, PCA. B, score scatter plots of the liver lipid metabolites from LF, WD, and
WD + sevelamer (6 mice/group). t[7] and t[2] correspond to principal components 1 and 2, respectively. The p[1] values represent the interclass difference, and
pl[2] values represent the relative abundance of the ions. The data were obtained in positive mode (ESI +). C, heat map of lipid metabolites in liver of LF, WD,
and WD + sevelamer-treated mice (6 mice/group). CE, cholesteryl ester; DG, diacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,

phosphatidylglycerol; SM, sphingomyelin; TG, triacylglycerol.

taurolithocholic acid levels in colon. Traditionally, the func-
tions of bile acids are thought to stimulate hepatic bile flow and
to aid in the digestion and absorption of fats from the intestinal
lumen (40). Sevelamer treatment altered individual bile acid
species, increased LCA in ileum, and decreased most of the
other bile acids. However, Gcg mRNA levels were not changed
following treatment with sevelamer, suggesting that TGR5-
GLP1 might not be related to attenuation of the mouse NASH
by sevelamer treatment in this study (Fig. S3). On the other
hand, Fgfl5 and Shp mRNA expression increased in WD-

4740 J Biol. Chem. (2020) 295(14) 4733-4747

treated group, whereas Fxr, Fgf15, and Shp mRNA expression
decreased in the WD + sevelamer group. It was shown that
FXR inhibition in intestine decreases NASH in mice, and BAS
reverses innate immune dysregulation in NAFLD model mice
(41, 42). A novel finding of the present study was the effects of
long-term bile acid sequestration by sevelamer in preventing
steatosis, inflammation, and fibrosis, associated with modula-
tion of Fxr, Fgf15, and Shp expression (Fig. S3).

Together with host genotype and lifestyle (energy intake and
expenditure), the gut microbiota contributes significantly to

SASBMB


https://www.jbc.org/cgi/content/full/RA119.011913/DC1
https://www.jbc.org/cgi/content/full/RA119.011913/DC1

>

2007 o 1F
1504
1004 = WD s
o ] =m WD + Sevelamer ** ok
% 0 ko i'. ]
£ 2 #
T 454
5 15 ' st
©
2 101 I
= I p 1 '
s
>
2

it

oS SlS SO S0 P NS S SIS SO SO P o >
¥ F & & & 4F F F F TP
Sy oK «o“‘ «Q;“ «\9\&‘ Q ,\00 &00 ‘&0 PR
1500
= LF

1000+

5004
300
2001

100405
]i i Ii

20
154
104
54
0.

i i# al 'L"

Intestine bile acid (nmol/g)

&

oS S S S o
¥ (O (F & F ¥ (7 O
&“@e“o\’« & 4

&

@)

4000+

S
O L

= WD
mm WD + Sevelamer

- x i

\7\
Q" L <9
NN ,(2* A

S
O L P

B LF
3000 = WD c
E 20007 mm WD + Sevelamer
2 10003 F
£ 800 o =
§ 600+
P o :
2 1 o ]| o
B
° 6
4
2
0
Do 00 00 oS S S o a0 o0 o0 o0 0 o 00 o0 oS o
[N AN AR AR AR AR AR AN AN AN AN AN AR A AR AR AN
ST TP LPE VAT C RO
A
x 1.0+
7)) *
T
-]
[ e
£%2 08
b ©
T2 0.6
o Qo
2% 04-
S ©
o8 i
-E e 02'
> O
I
0.0~
LF WD WD
+Sev

SASBMB

Sevelamer reverses liver injury and prevents NASH

Intestine bile acid composition (%)

Cecum bile acid composition (%)

Liver bile acid composition (%)

2001

150- Hm LF
1004 = WD &
50 EH WD + Sevelamer %

L & A
207
154

o

104 i

| #

¥ ¥
& <

AP S S S
O O © @ O
0é @ &é «0@

401

S S SIS S S S S
[OEROBR BRI ON I
Sy TV OS

¥ ¥ Py
F T

v
©'S

<&

o

KT ¥ ¥ X T Y
PR

#i#

*

‘.-. -

illl 7

v

\‘s}? K X XXX

v.
O

Q" O .9 «v
TN CEEE R

mm LF
= WD
mEm WD + Sevelamer

A S N N S

OF O O OV O O O
Q" X" .9 wrv

«@ s < L QN R |

mm LF
= WD
mEm WD + Sevelamer

KK XX ¥ X
BRI
T CEEE R

J. Biol. Chem. (2020) 295(14) 47334747 4741



Sevelamer reverses liver injury and prevents NASH

A. B.
Richness Complexit
Cecum Colon .p Y
° * s ~ T
100 AT o %
T [ Other = Vo T ' -
] M Allobaculum - R b § &
< 80 - M Anaerotruncus 8 < ¢ c Cecum
2 . c © I © 2] -
< - M Ruminococcaceae ) s« .
@ . M Coprococcus 31 Q s - 1
2 z5.] Lachnospiraceae ol ¢ gl E +
3 7 Clostridium e 0]
= i M Lactobacillus () SR =
QO 7 S24-7 < O v ¢ O g
< 40 - i M Alistipes v S F VP
§ ] I Prevotella S e
o : M Parabacteroides Richness Complexity
~ 90 - Bacteroides 84 To
4 - M Coriobacteriaceae c <
] R - : - . o
] M Bifidobacterium 58 o g o] - Colon
0 N Y M
\(/( Q\o @Q} \(/( $Q @Q} e :p <01 O g 0 2 b
N & % :p <005 E
20 F - ] i
ke ke M= o
\$0 $o T T T T T T
NP NP
& &
Colon

Firm:Turicibacter Bact:Parabacteroides
Firm:Lachnospiraceae Bact:Bacteroides
Firm:vadinBB60 Firm:vadinBB60
Firm:Ruminococcaceae Firm:Clostridium

Firm:Allobaculum I %Firmiachnospiraceae
*

Firm:Anaerotruncus Bact:S24-7
Firm:Coprococcus .2 . Firm:Coprococcus
D 1

Acti:Bifidobacterium Firm:Anaerotruncus
Firm:Lactobacillus Firm:Turicibacter
Bact:Alistipes Firm:Ruminococcaceae
Bact:S24-7 Bact:Alistipes
Acti:Coriobacteriaceae Acti:Bifidobacterium
Firm:Clostridium
Bact:Parabacteroides
Bact:Bacteroides

Acti:Coriobacteriaceae
Firm:Allobaculum

Spearman rho % :p <0.05
+ :p <001
0.5 # :p <0001

Figure 7. WD and sevelamer modulate the microbiota. A, distribution of bacterial genera in cecal and colon contents. The results of PERMANOVA tests
for pairwise comparisons between treatment groups are shown by symbols above bar charts. B, summary of biodiversity indices estimating ecological
richness (Chao1) and complexity (Shannon H) across groups in the cecum and colon. ®, p < 0.1; *, p < 0.05. C, heat maps displaying Spearman Rho
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Figure 6. Western diet and sevelamer modulate bile acid levels in liver, ileum, and cecum. A, individual and total bile acid levels and composition of liver
of WT mice with control diet, WD, or both WD and sevelamer (Sev). B, individual and total bile acid levels of ileum of LF-, WD-, and WD + sevelamer-fed mice.
C, individual and total bile acid levels of cecum of LF-, WD-, and WD + sevelamer-fed mice. D, hydrophobicity index of cecal bile acids in LF-, WD-,and WD +
sevelamer-fed mice. n = 6 mice. * indicates statistically difference between LF and WD. * indicates statistically difference between WD and WD + Sev.* #, p <
0.05;** # p < 0.01;***#* » <0.001.CA, cholic acid; CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; HDCA, hyodeoxycholic acid; DCA, deoxycholic
acid; aMCA, a-muricholic acid; BMCA, B-muricholic acid; ®MCA, o-muricholic acid; T-, tauro-.

4742 J Biol. Chem. (2020) 295(14) 47334747 SASBMB



the pathophysiology of metabolic disease through modulation
of both energy harvest and enteroendocrine signaling (25,
43-45). Both bile acid pool size and composition are important
factors in regulating gut microbial community structure (46,
47). Thus, sevelamer may mediate its effects on host metabo-
lism in part through alteration of gut microbiome function. It
should be noted that the changes in microbiota reported herein
are largely descriptive. Future studies, for instance, using
microbial transplants into germ-free mice will aid in the delin-
eation of the functional consequences to host metabolism of
sevelamer-induced changes in gut microbiota.

In addition to using classical histological techniques, the
present work also applied novel label-free imaging techniques,
including CARS and THG microscopy for quantitative detec-
tion of steatosis and lipid droplet size and FLIM-SHG for quan-
titative detection of fibrosis. In future studies, we will consider
applying the DIVER microscope for in situ imaging of the liver
in mouse models of NASH and their response to additional
treatment modalities.

Experimental procedures
Animal models

All animal experiments and protocols were approved by the
Animal Care and Use Committees at the University of Colo-
rado, Anschutz Medical Campus and Georgetown University.
Animal experimentation was conducted in accordance with the
Guide for Care and Use of Laboratory Animals of the National
Institutes of Health (Bethesda, MD).

Prevention study

Six-week-old male C57BL/6] mice were purchased from
Jackson Laboratories (Bar Harbor, ME). After 1 week of accli-
mation they were fed a Harlan Teklad TD.88137 Western diet
of 42% milk fat, 34% sucrose, and 0.2% cholesterol with or with-
out sevelamer carbonate 2% (2 g/100 g of diet) or a matched 10%
fat, Harlan Teklad TD.08485 LF diet for 24 weeks. The mice
were killed, and blood, liver, and intestinal contents were har-
vested at the end of the 24-week treatment period.

Intervention study

After a week of acclimation, 6-week-old male C57BL/6] mice
were fed a LF diet or WD for 15 weeks. After the 15-week diet
treatment, the mice were further fed for another 15 weeks with-
out or with sevelamer carbonate 2% (2 g/100 g of diet) added to
the diets. The mice were killed at the end of the 30-week treat-
ment period, and blood and organs were collected.

Determination of fat weight

Body composition was performed noninvasively by quantita-
tive magnetic resonance (EchoMRI-900 whole-body composi-
tion analyzer; Echo Medical Systems, Houston, TX).

Blood chemistry

Blood glucose levels were measured with a Glucometer Elite
XL (Bayer, Tarrytown, NY). Cholesterol (Wako Chemicals,
Richmond, VA), triglycerides (Wako Chemicals, Richmond,
VA), ALT (Bioassay Systems, Hayward, CA), and AST (Bioas-
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say Systems, Hayward, CA) were measured according to the
manufacturers’ instructions.

Measurement of stool triglyceride and cholesterol content

Forty-eight hours after the initiation of treatment with
sevelamer, WD or WD + sevelamer mice were placed in met-
abolic balance cages for a 72-h collection of stool while they
were fed ad libitum water and diets. The lipids were extracted
from stool based on a method reported earlier (48) and ana-
lyzed for cholesterol and triglycerides (Wako Chemicals, Rich-
mond, VA).

RNA extraction and real-time quantitative PCR

Total RNA was isolated from the livers using Qiagen RNeasy
mini kit, and cDNA was synthesized using reverse transcript
reagents from Bio-Rad. Quantitative real-time PCR was per-
formed as previously described (49, 50). The primer sequences
are listed in Table S1.

Histological stains

After formalin fixation, tissues were processed and embed-
ded into paraffin. 5-um-thick sections were cut onto glass
slides. Following H&E staining, the liver sections were scored
per the liver scoring system described by Lanaspa et al. (51).
Histological images of H&E-stained tissue were captured on an
Olympus BX51 microscope equipped with a four-megapixel
Macrofire digital camera (Optronics, Goleta, CA). All images
were cropped and assembled using Photoshop CS2 (Adobe Sys-
tems, Inc., Mountain View, CA). For PSR staining, the slides
were first immersed in Bouin’s fixative for 30 min. Then the
hydrated slides were immersed in Sirius Red solution (Direct
Red 80 and saturated picric acid, Sigma) and briefly washed
with 0.5% acetic acid (Thermo Fisher Scientific, Waltham,
MA). Slides stained with either H&E or PSR were mounted
using Cytoseal XYL, a xylene-based mounting medium (Rich-
ard-Allen Scientific, Kalamazoo, MI). For quantification of the
fibrosis following PSR staining, nine 100X polarized light
images were made in a “tiling” fashion across each PSR stained
slide and then quantified using the 3I Slidebook program (31,
Denver, Colorado) to arrive at the PSR-stained pixels per 100X
field for that slide. The liver injury was scored according to a
method described earlier in detail (19, 51), and the scoring was
blindly performed.

Immunohistochemistry

The tissues were stained immunohistochemically for colla-
gen type 1 (600-401-D19; Rockland, Limerick, PA) as previ-
ously described (20). Immunoreactivity was visualized with sec-
ondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor
594 at dilutions of 1:500 and 1:250, respectively. Nuclei were
stained with 4’,6-diamidino-2-phenylindole (Sigma—Aldrich).
Immunofluorescence images were captured on a Nikon Dia-
phot fluorescence microscope and digitally deconvolved using
the No Neighbors algorithm (Slidebook, Denver, CO) as previ-
ously described (20). All images were cropped and assembled
using Photoshop CS2 (Adobe Systems, Inc.). For quantification
of the immunofluorescence, eight 100X polarized light images
were made, each encompassing a portal triad to central vein
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field, and then quantified using the 31 Slidebook program (3I) to
arrive at the immunofluorescent positively stained pixels per
200X field. To compare multiple experiments, the data were
expressed as a ratio to the low fat—treated group.

Measurement of hepatic triglyceride and cholesterol contents

Triglycerides and cholesterol esters were measured with
GC-MS, as detailed in the supporting text (14).

Serum and tissue bile acid composition analysis

Bile acid composition was determined by an Acquity®
UPLC/G2Si QTOFMS system (Waters Corp.) with an electro-
spray ionization (ESI) source. An Acquity® BEH C18 column
(100 X 2.1 mm; internal diameter, 1.7 mm; Waters Corp.) was
applied for chromatographic separation. A mixture of 0.1% for-
mic acid in water (A) and 0.1% formic acid in acetonitrile (B)
was used as the mobile phase. The gradient elution was started
from 80% A for 4 min, decreased linearly to 60% A over 11 min,
to 40% A over the next 5 min, to 10% A for the succeeding 1 min,
and finally increased to 80% A for 4 min to re-equilibrate the
column. Column temperature was maintained at 45 °C, and the
flow rate was 0.4 ml/min. Mass spectrometry detection was
operated in negative mode. A mass range of m/z 50-1200 was
acquired (53).

Lipidomics analysis

For lipidomics, about 70 mg of liver tissue was accurately
weighed and homogenized with 700 ul of methanol:H,O (4:3,
v/v) solution and then extracted using 800 ul of chloroform
containing sphingomyelin (17:0), phosphatidylcholine (17:0),
and ceramide (17:0) at 1 uM as internal standards. The homo-
genate was shaken and incubated at 37 °C for 20 min followed
by centrifugation at 15,000 X g for another 15 min. The lower
organic phase was collected and evaporated to dryness under
vacuum. The residue was then suspended with 100 ul of chlo-
roform:methanol (1:1, v/v) solution and then diluted with iso-
propanol:acetonitrile:H,O (2:1:1, v/v/v) solution before injec-
tion. Lipidomics analysis was performed on an Acquity®
UPLC/G2Si QTOFMS system (Waters Corp., Milford, MA)
equipped with an ESI source. Separation was achieved on an
Acquity® UPLC CSH C18 column (100 X 2.1 mm; internal
diameter, 1.7 mm; Waters Corp.). The mobile phase was a mix-
ture of acetonitrile/water (60/40, v/v, A) and isopropanol/ace-
tonitrile (90/10, v/v, B), and both A and B contained 10 mm
ammonium acetate and 0.1% formic acid. The gradient elution
program consisted of a 2-min linear gradient of 60% A to 57% A,
to 50% A at 2.1 min*, a linear decrease to 46% A at 12 min, to
30% A at 12.1 min*, a linear decrease to 1% A at 18 min before
returning to initial conditions at 18.5 min to equilibrate the
column (*indicates ballistic gradient). The column temperature
was maintained at 55 °C, and the flow rate was 0.4 ml/min. Mass
spectrometry data were acquired in the both positive and neg-
ative ESI modes at a range of m/z 100-1,200 (41).

CARS microscopy

CARS microscopy was performed for label-free imaging of
lipid deposits as previously described (54 —57) and as detailed in
the supporting text.
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Autofluorescence FLIM, SHG, and THG measurements using
DIVER microscope

To determine the effects of WD and treatment with
sevelamer on lipids and fibrillary collagens, autofluorescence
FLIM, SHG, and THG signals were acquired using the DIVER
(deep imaging via enhanced-photon recovery) microscope
developed at the Laboratory of Fluorescence Dynamics, Uni-
versity of California at Irvine, as detailed in the supporting text.

Microbiome analysis

Bacterial profiles were determined by broad-range analysis of
16S rRNA genes following a previously described method (58 —
60). DNA was extracted from 50-100 mg of cecal or colon
contents using the QIAmp stool DNA isolation kit (Qiagen).
Broad-range PCR amplicons were generated using barcoded
primers (61) targeting the 16S rRNA gene V3V4 variable
region: primers 338F (5'-ACTCCTACGGGAGGCAGCAG)
and 806R (5" GGACTACHVGGGTWTCTAAT) (62, 63). Illu-
mina paired-end sequencing was performed on the MiSeq plat-
form using a 600-cycle version 3 reagent kit. Demultiplexed
paired-end reads were assembled using phrap (64), and pairs
that did not assemble were discarded. Assembled sequence
ends were trimmed over a moving window of five nucleotides
until average quality met or exceeded 20. Trimmed sequences
with more than 1 ambiguity or shorter than 150 nucleotides
were discarded. Potential chimeras identified with Uchime
(usearch6.0.203_i86linux32) (65) using the Schloss (66) Silva
reference sequences were removed from subsequent analyses.
Assembled sequences were aligned and classified with SINA
(1.3.0-r23838) (67) using the bacterial sequences in Silva
115NR99 (68) as reference configured to yield the Silva taxon-
omy. Operational taxonomic units were produced by clustering
sequences with identical taxonomic assignments.

Statistical analysis

The results are presented as the means * S.E., and the data
were analyzed by analysis of variance and Student—-Newman-—
Keuls tests for multiple comparisons or by ¢ test for unpaired
data between two groups (GraphPad Prism). Ratiometric SHG
and histogram of steatosis by autofluorescence images were
analyzed using a two-sample ¢ test for variance and a
Kolmogorov—Smirnov test for histograms (Origin; OriginLab
Corp, Northampton, MA), respectively. Statistical significance
was accepted at the p < 0.05 level, and *** was added for p <
0.005.

Microbiome analyses used Explicet (69) and the R statistical
software package (52). The relative abundance of each taxon
was calculated as the number of 16S rRNA sequences of a given
taxon divided by the total number of 16S rRNA sequences in a
patient’s sample. Differences in overall microbiome composi-
tion (ie. B-diversity) between subsets were assessed by a
PERMANOVA test using Morisita—Horn dissimilarities; p val-
ues were estimated through 1,000,000 permutations. Shannon
diversity, Shannon evenness, and richness (species-observed)
were calculated using rarefaction and compared across groups
through analysis of variance tests. Comparisons of relative
abundance across groups were conducted by nonparametric
Kruskal-Wallis tests. Associations between cecal bile acid spe-
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cies concentrations and relative abundances of genus-level bac-
terial taxa were assessed by Spearman rank-sum correlation
tests.

Author contributions—S. T., Y.L., S.R.,, C.X,, D.J.O.,, X.X. W,,
D.I,D.N.F, and M. L. investigation; S. T., Y. L., C. X., and D. N. F.
writing-original draft; S.R., AEL, D.J.O,, A.D,, K W.K, E.G,,
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