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Abstract

Background: Vertical sleeve gastrectomy (SGx) is a type of bariatric

surgery to treat morbid obesity and metabolic dysfunction–associated

steatotic liver disease (MASLD). The molecular mechanisms of SGx to

improve MASLD are unclear, but increased bile acids (BAs) and FGF19
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(mouse FGF15) were observed. FGF15/19 is expressed in the ileum in

response to BAs and is critical in not only suppressing BA synthesis in the

liver but also promoting energy expenditure. We hypothesized the reduction

of obesity and resolution of MASLD by SGx may be mediated by FGF15/19.

Methods: First, we conducted hepatic gene expression analysis in obese

patients undergoing SGx, with the results showing increased expression of

FGF19 in obese patients’ livers. Next, we used wild-type and intestine-

specific Fgf15 knockout mice (Fgf15ile−/−) to determine the effects of FGF15

deficiency on improving the metabolic effects.

Results: SGx improved metabolic endpoints in both genotypes, evidenced

by decreased obesity, improved glucose tolerance, and reduced MASLD

progression. However, Fgf15ile−/− mice showed better improvement com-

pared to wild-type mice after SGx, suggesting that other mediators than

FGF15 are also responsible for the beneficial effects of FGF15 deficiency.

Further gene expression analysis in brown adipose tissue suggests

increased thermogenesis.

Conclusions: FGF15 deficiency, the larger BA pool and higher levels of

secondary BAs may increase energy expenditure in extrahepatic tissues,

which may be responsible for improved metabolic functions following SGx.

INTRODUCTION

Obesity is an increasing public health concern as
worldwide prevalence has approximately tripled over
the last half century. Obesity is highly associated with
metabolic syndrome and a variety of comorbidities,
including metabolic dysfunction–associated steatotic
liver disease (MASLD). MASLD represents a spectrum
of liver pathologies, ranging from simple steatosis,
metabolic dysfunction–associated steatohepatitis
(MASH), to fibrosis. Left unattended, MASH-induced
fibrosis may progress to cirrhosis or even HCC.
Currently, there is no FDA-approved therapy for MASH
and the only recommendation is lifestyle modification.[1]

If lifestyle modification and diet fail to combat obesity,
only surgical options are left for patients, including
adjustable gastric bands, Roux-en-Y-gastric bypass,
biliopancreatic division with a duodenal switch, or
vertical sleeve gastrectomy (SGx).[2]

SGx represents the most routinely performed bariat-
ric surgery.[2] Following SGx, insulin secretion and
sensitivity improve immediately even before substantial
weight loss,[3] suggesting that changes to insulin
resistance occur independently from weight loss and
the changes may be linked to hormonal alterations
immediately after surgical intervention. Indeed, follow-
ing SGx, there are changes in a variety of endocrine
factors and metabolites associated with beneficial
effects including insulin sensitivity and weight loss.

Among these, an increase in the levels of total bile acids
(BAs) has been reported in several human and animal
studies.[4–6] BAs are amphipathic molecules and acti-
vate several nuclear and membrane receptors, with
increasing evidence showing the critical roles of BAs in
the regulation of lipid and energy homeostasis.[7–10] BAs
are endogenous ligands of a nuclear receptor, farnesoid
X receptor (FXR).[11] Although the roles of FXR in
mediating the beneficial effects of bariatric surgeries are
unclear, there are emerging studies that initiate mech-
anistic approaches in deciphering the underlying
molecular pathways. It was first reported that FXR is
required for the beneficial effects of SGx as whole-body
deletion of FXR in mice diminished these beneficial
effects.[12] In agreement, hepatic transcriptome profile in
patients undergoing bariatric surgery showed induction
of an alternative BA synthesis pathway that synthesizes
the most potent endogenous FXR ligand.[8] FXR is
expressed in multiple cells and there is an increasing
understanding of tissue-specific effects of FXR in
regulating BA homeostasis, liver and gut functions,
and energy metabolism.[13,14] While intestinal FXR is
emerging to be the most important regulator for BA
synthesis in the liver,[14,15] both hepatic and intestinal
FXR are critical in regulating pathways involved in
energy metabolism. One of the most strongly induced
target genes of FXR in the intestine, specifically the
ileum, is FGF15 (Fgf15) in mice and FGF19 in humans.
In addition to potently suppressing BA synthesis in the
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liver,[14,16] FGF15/19 acts very effectively in increasing
energy expenditure and reducing body weight.[17,18]

Furthermore, BAs participate in the regulation of energy
homeostasis in an FXR/FGF15/19-independent man-
ner. Specifically, the secondary BAs, including deoxy-
cholic acid (DCA) and lithocholic acid, have been shown
to activate a membrane receptor, G-protein–coupled
bile acid receptor, GPBAR1 (TGR5).[19] GPBAR1 is
highly expressed in the L cells in the terminal ileum
and brown adipocytes, and once this receptor is
activated, it leads to the induction of glucagon-like
peptide 1 (GLP1) and other genes involved in
thermogenesis.[20,21]

Several studies have been conducted to determine
the role of FGF15 in regulating energy homeostasis.[5,22]

A recent human study reported an increase in FGF19
levels following bypass surgery.[8] However, the role of
FGF15 in mediating the beneficial effects of SGx is
unclear, and it is unknown to what extent FGF15 is
involved in reducing MASLD development following
SGx. Therefore, it is crucial to determine whether
FGF15 plays a role in mediating the beneficial effects
of SGx. In this study, we determined the effects of
FGF15 deficiency in mediating the beneficial effects of
SGx, using enterocyte-specific FGF15 knockout mice
(Fgf15ile−/−).

METHODS

Patients’ enrollment

This prospective noninterventional study recruited
(N= 30, body mass index ≥35) patients, aged
18–80 years, undergoing bariatric surgery, requiring
laparoscopic liver biopsy for suspected chronic liver
disease. Liver biopsies, obtained through wedge or
needle core technique from the left liver lobe, were
divided. A portion underwent standard pathological
diagnosis, while the rest was allocated for research.
Collected biopsies were promptly placed on ice, trans-
ported, and flash-frozen within 15 minutes to preserve
the cellular and molecular integrity of the specimen.

Control liver specimens (N=30, body mass index
≤ 30) were sourced from established channels: the
Cooperative Human Tissue Network (CHTN) and the
National Disease Research Interchange (NDRI). Links
to their respective websites: https://www.chtn.org/about/
index.html and https://ndriresource.org/about-us.
CHTN, backed by the National Cancer Institute,
furnishes human biospecimens and fluids from routine

medical procedures for research purposes. NDRI, a
nonprofit, provides human tissues from diverse healthy
and afflicted donors. A standardized data set, encom-
passing demographic details (age, race, and gender),
alongside tissue diagnosis quality control, was obtained
from CHTN and NDRI. Accompanying the samples
were deidentified pathology reports, following estab-
lished confidentiality norms. The use of these deidenti-
fied human specimens was determined as exempt
research by the Rutgers Biomedical Health Sciences
Institutional Review Board (Pro2019001020).

A total of (N=60) subjects were included. After
exclusions, the study retained (N= 30) participants.
Exclusions were made for specimens from subjects with
infectious diseases, a history of alcohol abuse/addic-
tion, hepatitis A, B, or C infection (self-reported/medical
records), and poor RNA quality. Ethical compliance was
ensured through approval from the RBHS institutional
review board under protocols Pro2020002744 and
Pro2019001020, safeguarding ethical guidelines and
participant welfare.

Animals and treatment

Fgf15ile−/− were developed through breeding Fgf15ile+/+

floxed/floxed and villin Cre+ mice.[23] All animals were
group-housed in a temperature-controlled and patho-
gen-free facility with a 12-hour light/dark cycle and given
food and water ad libitum.

Fgf15ile−/− (Fgf15 floxed/floxed and cre+) and Fgf15ile
+/+ (wild type, WT; Fgf15 floxed/floxed and cre-) were
fed a high-fat diet (HFD; 60% calories from lard, 20%
calories from carbohydrate, containing 0.2796% cho-
lesterol, Research Diets catalog #D12492, New Bruns-
wick, NJ) for 3 months to induce obesity. Following 3-
month HFD feeding, the mice underwent either a sham
operation (Sham) or SGx. Briefly, SGx surgery was
performed using an aseptic surgical technique. Approx-
imately 80% of the stomach along the greater curvature
was resected, and the remaining stomach was closed
with a running suture. The stomach was introduced
back into the abdominal cavity.

The mice were kept on a 10-day liquid diet (Ensure
Vanilla Protein Shake) immediately postoperatively,
after which the HFD was reintroduced. Mice were
necropsied at 1-, 2- or 3-months postoperatively in the
morning without fasting, and blood, liver, ileum, and
brown adipose tissues were collected after euthanasia
(Figure 2A). Only male mice were used in this study due
to the higher sensitivity to diet-induced obesity in male

F IGURE 1 Relative gene expression in livers of control versus obese patients. The human samples are described in the Methods section. (A)
The hepatic expression of genes involved in BA metabolism, lipid homeostasis, inflammation, and fibrosis was determined by real-time qPCR. (B)
Association among the patients’ clinical parameters and hepatic expression of genes listed in (A). $ indicates statistical significance (p < 0.05).
Abbreviations: BA, bile acid; BMI, body mass index.
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mice. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC)
at Rutgers University.

Serum biochemical analysis, hepatic lipid
analysis, and glucose tolerance test

A panel of serum markers for assessing liver injury was
measured, including concentrations of total cholesterol,
triglycerides, and BAs, aspartate aminotransferase,
alanine aminotransferase (ALT), and alkaline phospha-
tase enzymatic activities using commercially available
kits (Pointe Scientific Inc). Frozen livers (100 mg) were
used for lipid extraction with the previously reported
method.[24] The glucose tolerance test was conducted
as previously reported by us.[24,25]

Histological analysis

Fresh liver tissues were fixed overnight in 10% neutral
buffered formalin. Hematoxylin and eosin staining was
performed using a commonly used protocol. Collagen
staining was performed using Masson’s trichrome stain
kit from Thermo Fisher Scientific (cat #87019). Histol-
ogy was assessed by a pathologist with representative
images captured by the Olympus VS120 slide scanning
system shown in the figures.

Multiplex immunoassay analysis

Metabolic biomarkers in mouse serum were analyzed
by MILLIPLEX metabolism multiplex assay (mouse
metabolic hormone panel, MMHMAG044K, Millipore
Sigma) through the Bio-Plex 200 system (Bio-Rad). Ten
microliters of undiluted serum were used and all
samples were run in duplicates. Serum levels of leptin
and resistin are presented in this study.

Serum BA profiling

Serum BA from each individual mouse was extracted
and 25 BA species were analyzed using the established
protocol by the Rutgers Chemical Analysis Core

Facility.[26,27] Quantitative profiling was performed using
an Ultra Performance Liquid Chromatography/Electro-
spray/Ion Trap Mass Spectrometer (UPLC/ESI/ITMS,
Thermo Fisher Scientific). Bile acid profiling is pre-
sented in ng/mL as mean ± SD.

Gene expression

Total RNA was extracted from frozen liver, ileum, and
brown adipose tissue using the TRIzol reagent (Thermo
Fisher Scientific) and reverse transcription was per-
formed to attain cDNA. Relative gene expression was
determined by RT q-PCR by SYBR green chemistry
using the ViiA7 Real-Time PCR machine (Life Tech-
nologies). All Ct values were converted to delta-delta Ct
values and were normalized to β-actin mRNA levels.
Primer sequences for mouse and human genes can be
found in Supplemental Table S1, http://links.lww.com/
HC9/A890.

Statistical analysis

Data are represented as mean ± SD (n= 3–8/group).
Outliers were removed using ROUT (Q=2%). Compar-
isons of genotype within the same time point were
performed using an unpaired t test followed by a 2-
stage linear step-up procedure of Benjamini, Krieger,
and Yekutieli. Comparison of groups to preop within a
genotype was performed using 1-way ANOVA followed
by Dunnett’s multicomparison test with a single pooled
variance. Human data comparison of groups was
performed using one-way ANOVA. Spearman correla-
tion with the Bonferroni correction method was
employed to compare human samples. The results of
statistical analysis were considered significant with p
values <0.05. Significance is denoted by a # or $ for t
test or 1-way ANOVA, respectively.

RESULTS

Hepatic gene expression in obese patients

The initial analysis of clinical data from obese
patients revealed that despite their high average

F IGURE 2 Intestine-specific deletion of Fgf15 altered response to SGx. (A) Experimental design and timeline of mouse treatment. (B) BW
change after surgery over time; BW and WAT weight along with % LW and %WAT in both WT and Fgf15ile−/− mice observed preop, 1, 2, and
3 months postop (WT: n=4, 4, 6, 4, respectively; Fgf15ile−/−: n=5, 6, 6, 8, respectively). (C) Glucose tolerance test after HFD-feeding compared to
preop and sham surgery. Blood glucose levels in Sham and SGx following 3 months of postoperative feeding at 4 time points: preop, 1, 2, and
3 months with measurements taken at 0-, 15-, 30-, 60-, and 120-minute intervals for the 3-month group. AUC at 3 months feeding for Sham and
SGx in both genotypes. $ is for statistical significance (p < 0.05) within the same genotype compared to preop control. # is for statistical
significance (p < 0.05) within the same time point between WT and Fgf15ile−/− mice. Abbreviations: BW, body weight; HFD, high-fat diet; LW, liver
weight; SGx, vertical sleeve gastrectomy; WAT, white adipose tissue.
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body mass index of 42.4, there was no substantial
elevation observed in serum levels of total cholesterol,
triglycerides, or liver functional indexes (ALT, aspar-
tate aminotransferase, and alkaline phosphatase)
(data not shown). Nevertheless, examination of
hepatic gene expression exhibited a significant
increase in mRNA levels of genes related to inflam-
mation (TNFa, IL1B, and LCN2) and fibrosis
(COL1A1), but exhibited only an upward trend for
genes of TIMP1 and ACTA2 (Figure 1A). Moreover,
there was a decrease in mRNA levels of CYP7A1,
along with an increase in FGF19, BSEP, SHP, and
OSTb mRNA levels, indicating potential hepatic
cholestasis. While the mRNA levels of CD36 were
diminished in obese patients, minimal alterations were
observed in the mRNA levels of FXR, PPARa, and
HNF4a. Further scrutiny of the association between
clinical data and hepatic gene expression revealed
a positive correlation among FGF19, OSTb,
and inflammation-associated genes, suggesting that
disrupted BA homeostasis in obese patients might
be interconnected with heightened inflammation
(Figure 1B).

Effects of Fgf15 deficiency on body weight
(BW) changes after SGx in mice

One month following either sham or SGx, both WT and
Fgf15ile−/− mice showed a small drop in BW presumably
due to the effects of the surgery. At both 2 and 3 months
after SGx, WT mice showed a small reduction in BW
compared to the sham group, but the Fgf15ile−/− mice
presented a much larger BW reduction compared to the
sham group (Figure 2B). Therefore, the Fgf15ile−/− mice
reduced BW more than the WT mice did following SGx
(Figure 2B). The reduction of WAT weight suggested
that the greater BW decrease in the Fgf15ile−/− mice
may be due to WAT loss (Figure 2B). The Fgf15ile−/−

mice were more insulin sensitive suggested by the
glucose tolerance test (Figure 2C). In general, the LW/
BW ratio maintained at similar levels regardless of the
differences in genotype, surgery, or HFD feeding. In
addition, under sham operation, most comparisons
between WT and Fgf15ile−/− mice resulted in similar
changes. Therefore, for succinct data presentation,
Figures 3–7 will focus on the findings in WT and
Fgf15ile−/− mice following SGx.
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F IGURE 4 SGx altered serum BA composition in both (A) WT and (B) Fgf15ile−/− mice. BA composition was determined by HPLC/MS in both
WT and Fgf15ile−/− mice at preop state, and 1, 2, and 3 months following SGx (n=4, 4, 6, 4 for WT, respectively; n=5, 6, 6, 8 for Fgf15ile−/−,
respectively). Abbreviations: BA, bile acid; SGx, vertical sleeve gastrectomy; WT, wild type.

F IGURE 3 Effects of Fgf15 deficiency on liver injury indexes and energy metabolism in the serum and pathology. (A) Serum ALT, AST, and
ALP activity levels. (B) Serum triglycerides, cholesterol, and BA levels; (C) Serum leptin and resistin levels in WT and Fgf15ile−/− mice at preop, 1,
2, and 3 months postop. (D) Liver HE staining and (E) hepatic triglyceride and total cholesterol levels in WT and Fgf15ile−/− mice in the preop state,
1, 2, and 3-month HFD-fed mice following SGx (n=4, 4, 6, 4 for WT, respectively; n=5, 6, 6, 8 for Fgf15ile−/−, respectively). Representative liver
H&E stains at ×100 magnification. $ is for statistical significance (p < 0.05) within the same genotype compared to preop control. # is for statistical
significance (p< 0.05) within the same time point. Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BA, bile acid; H&E, hematoxylin and eosin; WT, wild type.
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TABLE 1 Bile acid concentration (ng/mL) in serum of mice with SGx

Preop WT Preop Fgf15ile−/− 1 mo WT 1 mo Fgf15ile−/− 2 mo WT 2 mo Fgf15ile−/− 3 mo WT 3 mo Fgf15ile-/-

Total TMCA 266.5± 172.0 36,095.2±41,665.3 1243.9±1287.9 15,250.3±28,496.8 4635.1±7603.1 6442.9± 9391.5 17,616.7±14,506.0 3560.0±3722.8a,b

TωMCA 109.4± 101.4 3108.8±3410.2 324.6±235.0 246.3±208.6 931.7± 1395.9 357.3± 226.5 2450.8±1665.2a 838.7± 757.0b

TαMCA 110.4±29.6 10717.7±12213.5 440.3±563.9 6051.4±11511.5 1260.0±1806.7 1410.6± 1320.0 5541.7±4122.5a 962.9±733.7a,b

TβMCA 46.7± 44.1 22,268.7±26130.4 479.1±529.3 8952.7±17117.6 2443.9±4431.2 4675.1± 8186.1 9624.2±9821.3 1758.4±2341.0a,b

TUDCA 7.9±12.7 2661.9±2903.7 84.6± 136.5 858.4±1483.0 210.3±300.1 276.4± 307.0 1694.8±1090.6 221.9±167.4a,b

THDCA 19.0± 10.4 149.5±216.2 111.3±134.2 161.4±144.0 143.3±182.3 253.9±75.0 563.2±327.8a 232.8± 149.3b

TCA 579.1± 211.4 48,968.9±47,282.6 3246.6±4582.3 26,999.9±37,086.9 6694.0±7569.7 12,395.2± 12,117.1 45,417.3±31,967.6a 8472.4±5894.4a,b

ωMCA 101.7±86.6 4404.3±4637.1 579.4±515.3 1314.8±1436.9 950.0± 1287.5 3478.3± 2166.3b 3251.0±2042.8a 3392.0± 2549.7

αMCA 5.9±11.8 761.5±839.4 29.0±39.6 153.9±123.1 99.9± 170.7 285.8± 252.1 293.2±160.5a 134.2±68.6a,b

βMCA 61.0± 48.4 2785.6±3530.3 105.8±109.3 461.6±435.7 156.9±227.4 945.5±1109.6 398.7±388.7 461.8± 386.7

GCA ND 120.9±161.9 ND 28.20±69.07 ND ND ND ND

TCDCA 32.3±5.6 4963.9±5330.1 171.1±247.1 2174.9±3769.7 314.1±292.1 593.3± 653.5 1929.8±1385.8 518.6±480.1a,b

TDCA 0.5± 1.1 3045.4±1786.7b 1402.4±2548.4 2714.6±268.8 288.6±374.6 4305.8± 2124.1b 2278.6±1193.9 3062.3± 1476.1

UDCA ND 125.0±145.2 14.0±27.9 15.4±27.0 7.9± 19.4 91.1±106.4 27.3±38.4 44.9± 45.5

CA 207.4± 259.7 6855.1±7253.3 151.0±302.0 338.0±251.0 652.9± 1599.2 1819.4± 2470.6 1028.8±1194.3 586.4± 567.8a

HDCA ND 153.7±177.6 20.3±40.6 72.3±54.2 15.9±39.0 244.3± 175.2b 130.9±106.1 192.4± 148.5

DCA ND 4993.4±3854.9b 840.7± 1657.0 2013.9±1004.2 299.1±609.1 4935.6± 3027.2b 2603.2±2459.9 3064.1± 1396.6

Total 1281.3±520.6 116,084.3±115,390.6 8000.1± 11,584.8 52,557.6±73,192.0 14,467.9±19,927.4 36,067.4± 29,130.3 77,233.3±55,744.9 23,943.9±14,940.7a,b

Note: Average concentrations of 17 bile acid species shown in ng/mL as part of profiling in both WT and Fgf15ile−/− mice at preop state, 1-, 2-, 3-month HFD-fed mice following SGx (n= 4, 4, 6, 4 for WT, respectively; n= 5, 6, 6,
8 for Fgf15ile−/−, respectively).
ND denotes not determined where concentration is below the limit of detection.
aStatistical significance (p < 0.05) within the same genotype compared to preop control.
bStatistical significance (p < 0.05) within the same time point.
Abbreviations: αMCA, α-Muricholic acid; βMCA, β-Muricholic acid; ωMCA, ω-Muricholic acid; CA, cholic acid; DCA, deoxycholic acid; GCA, glycocholic acid; HDCA, hyodeoxycholic acid; TCA, taurocholic acid; TCDCA,
taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; THDCA, taurohyodeoxycholic acid; TMCA, tauromuricholic acid; TUDCA, tauroursodeoxycholic acid; TαMCA, α-Tauromuricholic acid; TβMCA, β-Tauromuricholic
acid; TωMCA, ω-Tauromuricholic; UDCA, ursodeoxycholic acid.
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Effects of Fgf15 deficiency on the
progression of MASLD following SGx

Baseline preop serum activities of ALT, aspartate
aminotransferase, and alkaline phosphatase were
greater in Fgf15ile−/− mice compared to WT, 2.5-, 2-,
and 2-fold, respectively (Figure 3A). Post-SGx WT mice
experienced slightly increased levels of these enzyme
activities as the duration of HFD feeding continued by
3 months. However, all liver enzyme activities in Fgf15ile
−/− mice were reduced by SGx from 1 to 3 months after
surgery (Figure 3A). The serum levels of triglycerides
showed no difference between genotypes or by SGx
(Figure 3B). Consistent with our previous studies,[25] the
serum total cholesterol levels were reduced after Fgf15
deletion (preop) and continuously reduced in Fgf15ile−/−

mice after SGx at 1–3 months after surgery (Figure 3B).
Consistent with a previous report,[5] SGx resulted in
higher serum total BA levels in WT mice (Figure 3B), but
with Fgf15 deficiency, the elevation of BAs was reduced
by SGx (Figure 3B). The serum leptin and resistin levels
showed similar trends of changes with ALT, total
cholesterol, and total BAs (Figure 3C). Histologically,
the 3-month HFD feeding resulted in classical features
of liver macrovascular steatosis and SGx only slightly
reduced steatosis in WT mice, because these mice
continued to be fed HFD (Figure 3D). In contrast, the
Fgf15ile−/− mice showed marked improvement in hepatic
steatosis, consistent with liver enzyme activity reduction
by SGx (Figure 3D). Interestingly, slight inflammation
was observed in the Fgf15ile−/− group at 3 months after
SGx, revealed by scattered foci of inflammation from the
hematoxylin and eosin staining (Figure 3D). Hepatic
triglyceride and total cholesterol levels further confirmed
that lipid accumulation was continuously decreased in
Fgf15ile−/− after SGx, while triglyceride levels in WT
mice decreased at 1 month after SGx, but returned to
preop levels at 2–3 months after surgery (Figure 3E).

Effects of Fgf15 deficiency on BA
homeostasis after SGx

Taurine-conjugated cholic acid (TCA) is the most
prominent BA species in the serum of both WT and
Fgf15ile−/− mice. In preop WT mice (Figure 4A), TCA
made up about 45% of the total serum BAs and, in
Fgf15ile−/− mice, 42% (Figure 4B). TCA level increased
in WT mice after SGx following 2- and 3-month HFD

feeding, making up 59% of the total serum BA pool
(Figure 4A). Conversely, TCA levels decreased in
Fgf15ile−/− mice after SGx and following 1, 2, and
3 months of HFD feeding (Figure 4B). Unconjugated or
taurine-conjugated DCA (TDCA) was unmeasurable in
the serum of preop WT mice and was increased at 1,
but not 2 and 3 months following SGx. In addition, there
was an increase in taurine-conjugated muricholic acids
in WT mice following SGx (Figure 4A). However, in
Fgf15ile−/− mice, SGx led to a reduction in MCAs, but an
increase in DCA and TDCA across all time points
(Figure 4B). Overall, the percent composition of serum
BAs differs between WT and Fgf15ile−/− mice and was
differentially affected after SGx. Total serum BA levels
were progressively increased in WT after SGx but
stayed similarly in Fgf15ile−/− mice after SGx compared
to groups of preop. The exact concentration of the BA
species is listed in Table 1.

Effects of Fgf15 deficiency on expression
of BA-related genes after SGx

FGF15 is critical for the suppression of BA synthesis
and BAs are crucial in maintaining lipid
homeostasis.[14,15,25] Therefore, we examined the rela-
tive expression of genes involved in BA regulation and
synthesis in the intestine and liver. In the intestine, Fxr
expression in both WT and Fgf15ile−/− mice showed no
significance at preop and 1, 2, 3 months after SGx
(Figure 5A). Following gene deletion, the Fgf15ile−/−

mice expressed very low, near undetectable mRNA
levels of Fgf15 with the WT mice having an increase at
the 1- and 2-month postop period in response to SGx
(Figure 5A). The expression of other genes involved in
BA homeostasis was measured including apical
sodium-dependent bile acid transporter (Asbt), ileal
bile acid-binding protein (Ibabp), and organic solute
transporter beta (Ostβ). Asbt expression remained
consistent with preop levels with a slight decrease in
expression at 1-month postop in WT mice and
significantly increased expression compared to
Fgf15ile−/− mice counterparts preop, 2, and 3 months
postop (Figure 5A). Unlike Fxr and Asbt, Ibabp
expression increased following SGx with expression
slightly decreased or equal to Fgf15ile−/− counterparts.
Ibabp expression in Fgf15ile−/− mice was significantly
increased at preop and 2 months compared to WT. In
WT, Ostβ expression increased slightly following

F IGURE 5 Effects of Fgf15 deficiency on BA-related gene expression in the intestine and liver with SGx. (A) Relative mRNA levels of ileal
genes associated with BA transport and regulation; (B) relative mRNA levels of BA synthesis genes in the liver; (C) relative mRNA levels of liver
genes associated with BA transport and regulation in both WT and Fgf15ile−/− mice at preop state, 1, 2, and 3-month HFD-fed mice following SGx.
(n= 4, 4, 6, 4 for WT, respectively; n= 5, 6, 6, 8 for Fgf15ile−/−, respectively). $ is for statistical significance (p < 0.05) within the same genotype
compared to preop control. # is for statistical significance (p < 0.05) within the same time point. Abbreviations: BA, bile acid; SGx, vertical sleeve
gastrectomy; WT, wild-type.
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surgery. On the other hand, Ostβ expression in
Fgf15ile−/− mice remained consistent.

In the liver, the mRNA levels of genes involved in BA
synthesis (Cyp7a1, Cyp8b1, Cyp27a1, and Cyp7b1)
(Figure 5B) and transport (Ntcp, Bsep, and Ostb), as
well as in BA regulation (Fxr, Shp, and Lcn13)
(Figure 5C) were determined. In general, there was a
small degree of reduction of mRNA levels of Ntcp, Fxr,
and Cyp7b1 in Fgf15ile−/− mice. However, little changed
in the expression of these genes following SGx, except
for Cyp7a1, which was reduced in WT mice and
increased in Fgf15ile−/− mice, opposite with serum total
BA changes. Furthermore, an FXR liver target gene that
is specific to male mice, Lcn13, was markedly reduced
in Fgf15ile−/− mice at 3 months after SGx. This is
associated with a marked induction of Ostβ in WT mice
at 3 months following SGx, with less induction in
Fgf15ile−/− mice. This huge induction in Ostβ was not
associated with cholestasis nor FXR activity, because
signs of cholestasis or induction of other FXR target
genes (Shp, Bsep, or Lcn13) were not seen.

Expression of genes involved in lipid
homeostasis in the liver

The expression of genes involved in lipid synthesis
(Srebp1c, Acss2, Fas, Scd1, and Acaca), fatty acid
uptake (Cd36), triglyceride transfer (Mttp), beta-oxida-
tion (Ppara, Cyp4a10), and energy regulation (Cpt1 and
Fgf21) were measured (Figure 6A). Before surgery
(preop), compared with WT mice, the Fgf15ile−/− mice
showed lower mRNA levels of Srebp1c and Acox1,
higher levels of Cd36, Scd1, Cpt1, and Fgf21, and
unaltered levels of Mttp, Acss2, consistent to increased
BA levels and increased lipid absorption, which may
lower the degree of hepatic de novo fatty acid synthesis.
However, following SGx, there were fewer differences
that may account for the decrease in hepatic lipid levels
in Fgf15ile−/− mice.

Expression of genes involved in energy
homeostasis in brown adipose tissue

Because the changes in expression of the liver lipid
gene panel showed that reduction in liver lipid accumu-
lation may not be due to reduced hepatic lipid synthesis,
at least at the transcription level, and in light of the

increase in levels of TGR5 ligands, TDCA and DCA, in
Fgf15ile−/− mice following SGx, the expression of genes
in energy metabolism in brown adipose tissues was
determined to see if increased TGR5 activity may
contribute to the increased BW loss in Fgf15ile−/− mice
(Figure 6B). The results showed that, in general, there
was little difference between WT and Fgf15ile−/− mice for
the expression of genes involved in lipid accumulation
in adipose tissues regardless of surgery. However, the
expression of Tbx1, which is involved in thermogenesis,
and a target gene of TGR5 was induced by SGx in both
strains of mice, with a higher degree in the Fgf15ile−/−

mice, which were positively correlated with the serum
DCA and TDCA levels (Figure 6C).

Expression of hepatic genes involved in
inflammation and fibrosis

The expression of genes involved in inflammation (Il-6,
Tnfa, Cd14, and Tlr4) was determined (Figure 7A). Il-6
expression was significantly increased in both WT and
Fgf15ile−/− mice 1- and 2-month following SGx
compared to preop. This is followed by a large
decrease at 3 months in both genotypes back to
approximately preop levels. There was slightly
increased expression in Fgf15ile−/− mice compared to
WT postop which differed from preop where Il-6
expression was higher in WT. Tnfα and Cd14
expression followed a similar trend of Il-6. Lcn2 mRNA
levels had an overall increasing trend in Fgf15ile−/−

mice. In WT mice, Lcn2 expression increased at
1 month after surgery but decreased to preop levels at
2 months and continued to decrease to almost no
expression at 3 months. The expression of genes
involved in fibrosis was also determined (Figure 7B),
and the results showed that Collagen 1A1 (Col1a1)
expression in WT mice fluctuated at 1- and 2-month
postop with a significant decrease at 1 month compared
to preop, followed by a significant decrease at 3 months
where there was virtually no expression. Compared to
WT, Fgf15ile−/− mice showed a slight decrease at 1-
month postop but an overall increasing trend with an
increase from 1 to 3 months. The mRNA levels of
smooth muscle alpha-actin (αSMA, Acta2) were similar
between WT and Fgf15ile−/− mice with a marked
reduction at 3 months in both groups. The mRNA
levels of Tgfb1 (TGFβ) were markedly increased in
Fgf15ile−/− mice preop but the expression was

F IGURE 6 Effects of Fgf15 deficiency on lipid-related gene expression in liver and BAT with SGx. (A) Relative mRNA levels of genes
associated with lipid homeostasis; (B) relative mRNA levels of genes in BAT associated with adiposity and thermogenesis; (C) DCA and TDCA
levels in the serum in both WT and Fgf15ile−/− mice at preop state, 1, 2, and 3-month HFD-fed mice following SGx (n=4, 4, 6, 4 for WT,
respectively; n= 5, 6, 6, 8 for Fgf15ile−/−, respectively). $ is for statistical significance (p < 0.05) within the same genotype compared to preop
control. # is for statistical significance (p < 0.05) within the same time point. Abbreviations: DCA, deoxycholic acid; HFD, high-fat diet; SGx, vertical
sleeve gastrectomy; TDCA, taurine-conjugated DCA; WT, wild type.
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suppressed with SGx, resulting in similar levels
between WT and Fgf15ile−/− mice. Figure 7C showed
Trichrome staining for indication of fibrosis, and the
results suggest there was no clear difference in the
degree of fibrosis between WT and Fgf15ile−/−

mice following SGx, although as mentioned before,
the degree of steatosis was markedly reduced in
Fgf15ile−/− mice.

Expression of genes involved in oxidative
stress in the liver

Hmox1 expression in both WT and Fgf15ile−/− mice was
significantly decreased at 3 months with expression at
3 months after SGx significantly reduced compared to
preop (Figure 7D). In addition, Fgf15ile−/− was
significantly increased 2 months following SGx.

CONCLUSIONS

Obesity poses a substantial global health care
burden, and bariatric surgery remains the most
effective treatment for morbid obesity.[2,3] However,
the underlying mechanism responsible for the bene-
ficial effects of bariatric surgery remains unclear. Both
circulating BAs and FGF19 levels were increased in
patients with SGx[4]; in addition, our hepatic gene
expression results from human obese patients sug-
gest increased cholestasis in the liver. BAs activate
nuclear and membrane receptors to induce endocrine
mediators, including FGF15/19, that aid in regulating
energy expenditure.[28,29] However, to what degree
increased FGF15/19 mediates the beneficial effects of
SGx remains obscure. In the current study, using
HFD-induced obese mice with or without intestine-
specific FGF15 deficiency, we have determined the
roles that gut FGF15 plays in reducing obesity and
improving MASLD following SGx.

Consistent with previously published reports,[2,28]

SGx led to increased total BA levels in WT mice.
However, this increase does not appear to be mediating
the improved energy homeostasis through the induction
of FGF15, at least in our study. This is evident as our
data showed that FGF15 deficiency enhanced body
weight loss following SGx in mice, suggesting that
FGF15-independent pathways are also involved in
providing the beneficial effects of increase in BAs. This
result is against our initial hypothesis because it is well
known that increased FGF19 levels were shown in
patients undergoing bariatric surgery and FGF15
promotes body weight loss[8,17,18]; for example, a recent
report showed that loss of FGF15 in the ileum did not
lead to improved beneficial outcome but detrimental
impacts due to BA toxicity.[5] It is known that BAs also
function as important signaling molecules that not only

activate nuclear receptors, including FXR but also
membrane receptors, including TGR5, which regulates
diverse physiological functions.[19,21,29,30] The roles of
FGF15 in mediating body weight loss and energy
expenditure following SGx need to be further
investigated.

It is well known that SGx alters many endocrine
pathways.[2,3] Previous studies have shown that serum
levels of other gut hormones, including GLP1, have
increased following SGx, which seems to be partially
responsible for increased energy expenditure and body
weight loss.[20,21] Our study has demonstrated that
FGF15-deficient mice had better metabolic outcomes
after SGx, including more weight loss and less liver
steatosis. These improvements are accompanied by
changes in the BA profile. Following serum BA
composition analysis, our study showed that serum
concentrations of several secondary BAs, including
DCA and TDCA, were increased. These BA species are
known to be ligands of the membrane BA receptor,
TGR5. Activation of TGR5 is known to increase
thermogenesis and improve energy expenditure, for
example, through the induction of GLP1 or an increase
in thermogenesis.[19,21,29,30] Even though we did not
successfully detect circulation levels of GLP1 in the
current study, changes in the mRNA levels of several
TGR5 target genes in the brown adipose tissue suggest
there may be an increase in TGR5 activity, revealed by
induction of a TGR5 target gene, Tbx1. Ding et al[28]

have reported that TGR5 activation is involved in
improved metabolic outcomes following bariatric sur-
gery. Hepatic steatosis was drastically improved at our
earliest time point of one month.

Furthermore, our study suggests that BAs and/or
FGF15 pathways may interact with other endocrine
pathways that are important for adiposity and insulin
sensitivity. For instance, we observed a time-dependent
reduction in the serum circulating levels of leptin and
resistin in the Fgf15ile−/− mice following SGx. The
involvement of these pathways needs to be determined
in the future to clarify how the alternations in these
signaling pathways can play a role in improving
metabolic outcomes. Furthermore, it will be interesting
to determine whether increased BAs also play a role in
reducing these hormones.

We have observed in several studies that there is a
positive association between ALT activities and total
cholesterol levels, but a negative association of
total levels of serum BAs, with advanced MASH
progression.[24,25] Interestingly, hepatic gene expression
for inflammatory genes does not seem to be associated
with the severity of liver injury. For example, the
expression of 2 inflammatory genes, Il-6 and Tnfa,
was markedly induced at 1- and 2-month after surgery
in both WT and Fgf15ile−/− mice, which may reflect the
liver’s response to major abdominal surgery, but not at
3 months. It will be insightful to obtain other
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F IGURE 7 Effects of Fgf15 deficiency on inflammation, fibrosis, and oxidative stress–related gene expression in the liver with SGx. (A)
Relative mRNA levels of genes associated with inflammation; (B) relative mRNA levels of genes associated with fibrosis; (C) trichrome staining of
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0.05) within the same genotype compared to preop control. # is for statistical significance (p < 0.05) within the same time point. Abbreviations:
HFD, high-fat diet; SGx, vertical sleeve gastrectomy; WT, wild type.
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inflammatory markers for chronic liver inflammation, and
in our hands, the expression of Lcn2 that encodes for an
acute phase protein lipocalain 2 has been associated
with steatotic liver inflammation.[24,25,31]

In conclusion, following SGx, the gut-specific
deletion of FGF15 leads to an increased BA pool in
the body due to the decreased feedback inhibition of
BA synthesis mediated by FGF15. Increased BAs in
the intestine likely remodel the gut microbiota, and
thus the conversion of secondary BAs from primary
BAs. Increased systemic circulation of secondary BAs,
such as DCA and TDCA, may have acted as
endogenous TGR5 agonists to activate the TGR5
signaling in the brown adipocytes, which thereby
improves insulin sensitivity, promotes adipose tissue
browning, energy expenditure, and ultimately BW loss
(Figure 8). This BA-dependent mechanism has been
involved in the protection against diet-induced hepatic
steatosis and fibrogenesis in FXR KO and Fgf15ile−/−

mice.[25,31,32]
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