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Fibroblast growth factor 21 is required for the
therapeutic effects of Lactobacillus rhamnosus
GG against fructose-induced fatty liver in mice

Cuiqing Zhao "%%°, Liming Liu %%, Qi Liu >*'°, Fengyuan Li >°, Lihua Zhang Z, Fenxia Zhu >, Tuo Shao %%,
Shirish Barve 2% Yiping Chen *, Xiaokun Li >, Craig J. McClain >%"%° Wenke Feng %%%%"

ABSTRACT

Objectives: High fructose feeding changes fibroblast growth factor 21 (FGF21) regulation. Lactobacillus rhamnosus GG (LGG) supplementation
reduces fructose-induced non-alcoholic fatty liver disease (NAFLD). The aim of this study was to determine the role of FGF21 and underlying
mechanisms in the protective effects of LGG.

Methods: FGF21 knockout (KO) mice and C57BL/6 wild type (WT) mice were fed 30% fructose for 12 weeks. LGG was administered to the mice
in the last 4 weeks during fructose feeding. FGF21-adiponectin (ADPN)-mediated hepatic lipogenesis and inflammation were investigated.
Results: FGF21 expression was robustly increased after 5-weeks of feeding and significantly decreased after 12-weeks of feeding in fructose-
induced NAFLD mice. LGG administration reversed the depressed FGF21 expression, increased adipose production of ADPN, and reduced hepatic
fat accumulation and inflammation in the WT mice but not in the KO mice. Hepatic nuclear carbohydrate responsive-element binding protein
(ChREBP) was increased by fructose and reduced by LGG, resulting in a reduction in the expression of lipogenic genes. The methylated form of
protein phosphatase 2A (PP2A) C, which dephosphorylates and activates ChREBP, was upregulated by fructose and normalized by LGG. Leucine
carboxyl methyltransferase-1, which methylates PP2AC, was also increased by fructose and decreased by LGG. However, those beneficial effects
of LGG were blunted in the KO mice. Hepatic dihydrosphingosine-1-phosphate, which inhibits PP2A, was markedly increased by LGG in the WT
mice but attenuated in the KO mice. LGG decreased adipose hypertrophy and increased serum levels of ADPN, which regulates sphingosine
metabolism. This beneficial effect was decreased in the KO mice.

Conclusion: LGG administration increases hepatic FGF21 expression and serum ADPN concentration, resulting in a reduced ChREBP activation
through dihydrosphingosine-1-phosphate-mediated PP2A deactivation, and subsequently reversed fructose-induced NAFLD. Thus, our data

suggest that FGF21 is required for the beneficial effects of LGG in reversal of fructose-induced NAFLD.
© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRUDUCTION increased hepatic de novo lipogenesis (DNL) [8—13] that lead to the

development of steatosis and NAFLD and progression to cirrhosis/

Non-alcoholic fatty liver disease (NAFLD) represents a broad spectrum
of liver diseases ranging from steatosis to steatohepatitis, fibrosis,
cirrhosis, and even liver cancer [1]. Although a variety of factors
contribute to the development of NAFLD, fructose consumption, largely
in the form of high-fructose corn syrup, is particularly associated with
this metabolic disorder [2—4]. Fructose consumption has increased
dramatically in US [5—7]. Over-consumption of fructose has been
associated with increased visceral adiposity, insulin resistance, and

fibrosis [14], while fructose restriction results in attenuation of NAFLD
[15]. However, effective therapeutic strategies are still lacking.

Increasing evidence from both preclinical and clinical studies
suggests that probiotics are beneficial in the treatment of a variety
of gastrointestinal diseases such as inflammatory bowel disease
(IBD) [16], NAFLD [17], and alcoholic liver disease (ALD) [18].
Lactobacillus rhamnosus GG (LGG), the best-characterized probiotic
strain, has been consistently shown to be beneficial in the
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metabolic syndrome. Recently, studies showed that LGG supple-
mentation reduced high fructose-induced liver steatosis and
inflammation [19]. Inhibition of gut microbiota dysbiosis and bac-
terial translocation is postulated beneficial to the probiotic effects in
NAFLD [20,21]. However, the precise mechanism by which pro-
biotics prevent or reverse fatty liver development in fructose-
associated NAFLD is not well defined.

Previous studies showed that fructose consumption robustly activated
hepatic carbohydrate responsive-element binding protein (ChREBP)
[22]. ChREBP is a transcription factor that senses carbohydrate and
regulates a variety of genes in metabolic pathways, including DNL [23];
a key event that leads to hepatic steatosis in NAFLD. ChREBP knockout
mice have reduced DNL rates leading to a decrease in hepatic tri-
glyceride contents [23,24], suggesting that ChREBP plays a critical role
in the regulation of lipogenic program activation in fructose-induced
NAFLD. Recent studies indicate that sugar-mediated activation of
ChREBP regulates hepatic production of FGF21 [25,26]. FGF21 is
produced predominantly in the liver and, to a lesser extent, in adipose
and other tissues. FGF21 binds to FGF receptors and the co-receptor
B-Klotho to exert its endocrine effects. FGF21 functions in the adi-
pose tissue to induce adiponectin (ADPN) expression, which, in turn,
reduces hepatic fat accumulation.

In the current study, we found that prolonged fructose feeding
decreased upregulation of FGF21, Moreover, LGG supplementation
could rescue the FGF21 expression as well as increase the blood ADPN
concentration. The goal of this study was to determine how LGG
supplementation is able to decrease hepatic ChREBP activation and
steatosis induced by fructose. Using FGF21 KO mice, we found that
FGF21 is required for the beneficial effects of LGG in fructose-induced
NALFD through FGF21-adiponectin-ChREBP signaling pathways.

2. MATERIAL AND METHODS

2.1. Animals

Six-to 8-week-old FGF21 knockout (KO) and C57BL/6 wild type (WT)
female mice were housed in a conventional animal room. All animal
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of University of Louisville. FGF21 KO mice were
provided by Dr. Steve Kliewer [27]. The mice were subjected to a
12:12 h light/dark cycle in low-stress conditions with free access to
food and water ad libitum. The mice were divided into a control group
(water), a fructose group (30% fructose-containing water), and a
fructose + LGG group. Five to eight mice were used in each group.
Control mice were gavaged daily with an equal volume of vehicle
(cultural media) or LGG at a dose of 10° CFU/day. Serum and tissue
samples were collected at the end for assays.

2.2. Food consumption

Food and water intake of mice was assessed twice weekly, when
cages were changed. At each cage-changing, a known amount of food
was placed, and the fresh water bottles were weighed. The weights of
the previously used water bottles as well as the weight of the food left
were then measured to assess the amount of water and food
consumed since the last cage change.

2.3. Blood collection and biochemical assays

Mouse serum was collected at time of euthanasia. Serum triglyceride
(TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL),
very low-density lipoprotein (VLDL), glucose, alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) were analyzed by
Piccolo Xpress system (ABAXIS, Union City, CA). Quantitative
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measurements of FGF21 (R&D, Minneapolis, MN), Adiponectin (EMD
Millipore Corporation, Billerica, MA) and insulin (EMD Millipore Corp.,
Billerica, MA) in mouse serum samples were performed using ELISA
kits, respectively.

2.4. Measurement of fat mass by dual-energy X-ray
absorptiometry (DXA)

Mouse fat mass was measured by DXA (GE Lunar Co, Madison, WI),
and data were analyzed using Lunar PIXImus mouse software. Prior to
scanning, mice were anesthetized by an intramuscular injection of
1.5% pentobarbitone at a dose of 40 mg/kg. During measurements,
the animals were laid in prone position, and the duration of each scan
was 3—5 min. Body fat mass was recorded.

2.5. Oral glucose tolerance test (OGTT)

The day before the mice were sacrificed, the mice underwent an
OGTT. OGTT was performed by giving a bonus of glucose solution
(2 9/kg) by gavage after overnight fasting. Glycemia was measured
through the tail tip blood before and after glucose load at the times
indicated.

2.6. Liver triglyceride and cholesterol assay

For the liver triglyceride and cholesterol assay, 70—100 mg of liver
tissue was homogenized in 1 ml of 50 mM NaCl. Homogenate
(500 ply was mixed with 4 ml of the extraction reagent
(methanol:chloroform = 1:2) and incubated overnight at 4 °C before
being centrifuged at 1800g for 20 min at room temperature. The lower
chloroform phase was carefully collected and dried using a Speed Vac,
and the pellets were used for triglyceride assay using the triglyceride
and cholesterol Kit (Thermo Fisher Scientific Inc., Waltham, MA).

2.7. TUNEL assay

Formalin-fixed paraffin liver sections were sectioned at 5 um. The
sections were stained for TUNEL with the ApopTag Peroxidase in situ
Apoptosis Detection Kit (Chemicon, Temecula, CA) as described pre-
viously [28]. In brief, the slides were deparaffinized and rehydrated,
then treated with proteinase K. Slides were treated with 3% hydrogen
peroxide to quench endogenous peroxidases, and then incubated with
terminal deoxynucleotidyl transferase (TdT) and anti-digoxigenin-
peroxidase respectively. Diaminobenzidine (DAB) was then applied.
Hematoxylin was used as counterstaining. Under the microscope,
apoptotic cells exhibited a brown nuclear stain as the TUNEL positive
and were counted manually.

2.8. Liver histology and fat analyses

The liver sections were fixed in formalin and embedded in paraffin. The
sliced liver sections were then stained with H&E as described previ-
ously [29]. For hepatic fat visualization, frozen liver sections were
processed for staining with Qil red O and then studied by light mi-
croscopy [30] .

2.9. Cell culture and treatment

HepG2 and H4IIE cells were purchased from ATCC and maintained in
10% FBS (Gibco, Grand Island, NY) in Dulbecco’s Modified Eagle’s
Medium (ATCC, Manassas, VA) containing 100 Unit/ml penicillin and
10 pg/ml streptomycin at 37 °C under a 5% CO, atmosphere. HepG2
cells were exposed to fructose (5 mM) for 2, 4, 8, 12 and 24 h and
FGF21 mRNA level was detected by RT-PCR. H4IIE cells were treated
with LGG cultural supernatant (LGGs) at a dose equivalent to 10° CFU/
ml for 8 h. Cellular LKB1 and pAMPK proteins were detected by
Western blot.
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2.10. Nuclear protein extracts and western blot analysis

Nuclear proteins were extracted from livers with Nuclear Extraction Kit
(Abcam, Cambridge, MA). Protein concentration was determined using
a Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc., Wal-
tham, MA). Western blot was performed as described previously [29] to
detect PPARa. (peroxisome proliferator-activated receptor-or), CPT1
(Carnitine palmitoyltransferase 1), SREBP (Sterol-regulatory element
binding protein), ADPN receptor 1, ADPN receptor 2, methyl-PP2A-
C(Santa Cruz Biotechnologies, Santa Cruz, CA), FAS (fatty acid syn-
thetase), SCD1 (Stearoyl-CoA desaturase-1), PP2A (protein phospha-
tase 2A) A, PP2A B, PP2A C, pAMPK, LKB1 (Cell Signaling
Technologies, Beverly, MA), and ChREBP (Novus Biologicals, Littleton,
CO0). Blots were scanned using a Bio-Rad Imaging System (Image
Lab™ Upgrade for ChemiDoc™ XRS + System #170-8299). All
specific bands were quantified with the Automated Digitizing System
(Image Lab 4.1). Results are representative of three independent
experiments.

2.11. Sphingolipids: ceramide analysis by mass spectrometry
Ceramide species were quantified in the liver as previously described
[31]. Briefly, an aliquot of powdered liver tissue (25—35 mg) was
suspended in ice-cold saline (500 i, 1 M NaCl) and spiked with C17:0
ceramide internal standard. Lipids were extracted and ceramide
subspecies analyzed by HPLC coupled with on-line electrospray ioni-
zation tandem mass spectrometry. Total ceramide level was calculated
from the sum of analyzed ceramide species.

2.12. Quantitative real time RT-PCR

The mRNA levels were assessed by real-time RT-PCR. In brief, total
RNA was isolated with Trizol according to manufacturer’s protocol
(Invitrogen, Carlshad, CA) and reverse-transcribed using GenAmp RNA
PCR kit (Applied Biosystems, Foster City, CA). The cDNA was amplified
in 96-well reaction plates with a SYBR green PCR Master Mix (Applied
Biosystems, Forster, CA) on an ABI 7500 real-time PCR thermocycler.
The sequences of forward and reverse primers are listed in
Supplementary Table 1. For the animals’ tissues, 18s rRNA was used
to normalize. B-actin was used for data normalization in HepG2 cell
line. Dissociation curve analysis was performed after PCR amplification
to confirm the specificity of the primers. Relative mRNA expression
was calculated using the 8¢t method.

2.13. Statistical analysis

Statistical analyses were performed using the statistical computer
package GraphPad Prism version 6 (GraphPad Software Inc., San
Diego, CA, USA). Results are expressed as means 4+ SEM. Statistical
comparisons were made using two-way analysis of variance (ANOVA)
with Bonferroni post-hoc test or one-way ANOVA with Tukey’s post-
hoc test or Student’s t-test where it was appropriate. Differences
were considered to be significant at *P < 0.05, **P < 0.01,
***P < 0.001.

3. RESULTS

3.1. Fructose feeding increases FGF21 expression

Previous studies demonstrated a rapid elevation of FGF21 following
fructose challenge in humans and in animals [25,32]. To investigate
the effect of prolonged fructose feeding on FGF21 expression, mice
were fed fructose-containing water (30% w/v) for 5 and 12 weeks.
Circulating FGF21 levels were determined. Five weeks of fructose
feeding robustly increased plasma FGF21 protein levels about 22-fold
compared to control diet feeding. However, this increase was markedly

MOLECULAR METABOLISM 29 (2019) 145—157 © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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reduced after 12 weeks of fructose feeding (Figure 1A). Fructose
feeding significantly increased liver FGF21 mRNA expression at both 5
and 12 weeks, while FGF21 expression was significantly decreased in
gonadal white adipose tissue (QWAT) and brown adipose tissue (BAT)
at 12 weeks and in BAT at 5 weeks. lleum expression of FGF21 was
changed at both 5 and 12 weeks (Figure 1B). Thus, the liver is likely
the major source for the circulating FGF21 in fructose-fed mice. It has
to be noted that the small difference in mRNA levels may not explain
the large change in serum FGF21 level. This is likely due to the defect
in FGF21 protein translation or secretion by prolong fructose treatment.
To examine the effect of fructose on FGF21 expression in hepatocytes,
HepG2 cells were incubated with fructose. As shown in Figure 1C,
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Figure 1: Fructose feeding increases FGF21 expression. C57BL/6 WT mice were
fed 30% fructose containing water (w/v) as described in the Material and Methods. (A)
Serum levels of FGF21 in WT mice fed fructose for 5 weeks or 12 weeks. (B) FGF21
mRNA expression in the liver, ileum, gWAT and brown adipose tissue (BAT). (C) mRNA
levels of FGF21 in HepG2 cells after 5 mM fructose treatment for 2, 4, 8, 12, and 24 h.
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Figure 2: Effects of fructose on body weight, adipose, hepatic fat accumulation in the WT and FGF21 KO mice. WT and FGF21 KO mice were treated as described in the
Material and Methods. (A) Body weight change in response to 12-week fructose feeding. (B) gWAT/body weight ratio. (C) Hematoxylin and eosin staining of gWAT depots (x 20). (D)
Quantification of average adipocyte size. (E) Hematoxylin and eosin (x20) and (F) Ol red O staining of the liver sections (x10). (G) Liver triglyceride (TG) concentrations. Scale bars:

100 pm.

5 mM fructose treatment increased FGF21 mRNA expression in a time
dependent manner.

3.2. Metabolic effects of fructose feeding in WT and FGF21 KO
mice

To determine whether FGF21 deficiency exacerbates fructose-induced
metabolic disorders, age-matched female WT and FGF21 KO mice
were fed water or fructose-containing water for 5 or 12 weeks. Total
calorie intake was not changed by fructose feeding (Fig. S1A), but solid
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normal chow diet consumption was decreased in both types of mice
(Fig. S1B and Fig. S1C) due to fructose taking. KO mice on the control
diet had an increased body weight gain compared to WT mice. In
contrast, fructose feeding resulted in a significant body weight gain in
WT mice, which was attenuated in the KO mice (Figure 2A). Twelve-
week fructose feeding significantly increase body fat mass in the
WT mice. Interestingly, increase of the body fat due to fructose feeding
was attenuated in the KO mice (Fig. S1D). Fructose-feeding signifi-
cantly increased gWAT weight in both fructose-fed WT and KO mice
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Figure 3: LGG supplementation reverses fructose-induced NAFLD in WT mice but not in FGF21 KO mice. WT and FGF21 KO mice were treated as described in the Material
and Methods. (A) Serum FGF21 concentrations (left y axis) and FGF21 mRNA expression in the liver (right y axis). (B) Hematoxylin and eosin staining and (C) Qil red O staining of the
liver sections. Original magnification, x10. Liver TG (D) and cholesterol (E) concentrations. (F) Serum TG levels. Relative liver mRNA levels of TNFo (G), and CXCL10 (H). (I)
Representative images of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of liver sections (x10, left panel). The number of apoptotic cells was
determined by counting the cells in at least 10 randomly selected high-power fields (right panel). Scale bars: 100 pum.

compared to the control mice (Figure 2B), which was confirmed by
enlarged adipocyte, as shown in Figure 2C,D. Basal serum insulin level
was higher in the KO mice compared to the WT mice and increased
(not statistically significant) in both WT and KO mice after fructose
feeding (Fig. S1E). Basal serum glucose levels were indistinguishable
between WT and KO mice. Fructose feeding significantly increased
serum glucose levels in the WT mice, but not in the KO mice (Fig. S1F).
Interestingly, glucose tolerance tests suggest a slightly better glucose
tolerance in the KO mice compared to the WT mice fed control diet.
However, fructose feeding impaired glucose tolerance in both WT and

MOLECULAR METABOLISM 29 (2019) 145157 © 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the KO mice with no significant difference (Fig. S1G). Serum triglyc-
eride, LDL, VLDL, and HDL were all marginally increased in fructose-
fed WT and KO mice (Fig. S2).

Liver lipid accumulation is often described as a hallmark of prolonged
fructose feeding. Histology analysis of liver sections showed that
fructose feeding for 12 weeks increased hepatic fat accumulation
(Figure 2E,F). However, we did not observe significant changes be-
tween the WT and the KO mice. As shown with H&E and QOil red O
staining, hepatic triglyceride level was higher in the fructose-treated
mice than in the control mice (Figure 2G). Interestingly, data at 5

149


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Original Article

A C Fru Fru+lGG C

Fru Fru+LGG

FAS
sco1 | s

& @ ¥

‘_

PPARC 0 0 0 S 0 0 0 0 O o
CPTL W 0 0 0 0 e 0 0 D 0 o 0 0 % = o O 0
B-actin WP W WP U -

WT KO
dedek
m
1 i
- 10 @ WT Control
g 9 @l WT Fru
o2 < a @B WT Fru+ LGG
c O 8 KO Control
S5 7 h 8 KO Fru
o< 6 @B KO Fru+LGG
a; 5
[}
28 3
8~ 2
[}]
€ 4
0
FAS scD1 CPT1  PPARg
@8 WT Control
@ WT 12wFru
B 1.54 ~ @l WT 12wFru+ LGG
— — KO Control
C Fru Fru+lGG C Fru  Fru+lGG  § — —fEar
£ 2 1.0
ChREBP #B W EREREREE = = s @ S e =
SREBPIC MM -SSR E . 3|
B-actin W W W W W SR AR
WT KO e ChREBP SREBP1C
c @l WT Control
@l WT Fru
G Fru Fru+LGG & Fru Fru+LGG @ WT Fru+ LGG "
2.5 KO Control —
oy B §ad ° = 58;::*LGG =
NONRESF WSS eR e e NERReY (o) -
[
S 5 1.5 -
N.SREBP1C 55 S S 0 Bl o 0 e ot 40 L L ggw
o 07
) 29
Heone 12 M OMSBS ... seeeeess  -°,.
0.0-

ChREBP

SREBP1C

Figure 4: Effects of LGG on liver lipogenesis and fatty acid $-oxidation. WT and FGF21 KO mice were treated as described in the Material and Methods. (A, B) Liver proteins
were analyzed by western blotting. Protein bands intensity was quantified by densitometry analysis. B-actin levels served as loading controls. (C) Liver nuclear proteins were
analyzed by western blotting. The quantification of protein bands by densitometry analysis. Histone H3 levels served as loading controls.

weeks also showed increased hepatic fat in fructose-fed mice, with the
KO mice having higher hepatic fat compared to WT mice (Fig. S3).
The results presented above indicate that fructose feeding increased
serum FGF21 concentration, impaired the insulin sensitivity, and
increased adipocytes and hepatic fat accumulation.

3.3. LGG supplementation reverses fructose-induced NAFLD in WT
mice but not in FGF21 KO mice

Our previous study demonstrated that LGG supplementation reduced
alcohol-induced hepatic fat accumulation [33]. To further evaluate the
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effects of probiotic LGG on fructose-induced liver injury and to analyze
the role of FGF21, we supplemented LGG in last 4 weeks of a 12-week
fructose-feeding period in both WT and the KO mice. Interestingly, LGG
supplementation markedly elevated circulating FGF21 levels and liver
FGF21 mRNA expression in the WT mice (Figure 3A) to a comparable
level of the 5-week fructose feeding (Figure 1A). Histological analysis
of liver sections showed significantly increased numbers of fat droplets
in fructose-fed WT mice, and this effect was reversed by LGG sup-
plementation (Figure 3B,C). Consistent with this result, hepatic tri-
glyceride and cholesterol levels were significantly decreased by LGG
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Figure 5: Effects of LGG on PP2A proteins and ceramide metabolism. WT and FGF21 KO mice were treated as described in the Material and Methods. (A) Liver proteins of
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supplementation in WT mice (Figure 3D,E). However, this hepatic lipid
lowering effect of LGG was eliminated in the FGF21 KO mice
(Figure 3B—E). Whole body fat mass was slightly decreased by LGG in
WT mice (Fig. S4A). Although serum VLDL level was decreased slightly
in WT mice, levels of LDL and HDL were not affected by LGG sup-
plementation in both WT and KO mice (Figs. S4B—D), while serum
levels of triglycerides and glucose were significantly improved in the
WT mice but not in the KO mice (Figures. 3F and S4E).

3.4. Effect of LGG on liver inflammation and injury

Inflammation is often associated with NAFLD. Although both serum
ALT and AST levels were not significantly different (Fig. S5), LGG
treatment significantly reduced liver mRNA levels of pro-inflammatory
cytokines TNFa and CXCL10 in the fructose-fed WT mice but not in the
KO mice (Figure 3G,H). Compared to the WT mice, KO mice had
comparable mRNA expressions of basal TNFo but reduced mRNA
levels of basal CXCL10 (Figure 3G,H). The reason for this reduction is
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currently unknown. However, it is clear that the KO mice were resistant
to the treatment by LGG. TUNEL assay revealed that LGG supple-
mentation significantly reduced the number of apoptotic cells in the
livers of fructose-fed WT mice. Again, this effect was not seen in the
KO mice (Figure 3l).

3.5. Effects of LGG on liver lipogenesis and fatty acid [B-oxidation
In both WT and KO mice, fructose consumption markedly increased
hepatic protein levels of FAS and SCD1, critical enzymes in DNL. LGG
treatment significantly inhibited this increment in the WT mice but not
in the KO mice (Figure 4A). Fructose consumption did not alter the
protein level of CPT1, a critical gene responsible for fatty acid [3-
oxidation, in either WT or KO mice (Figure 4A). However, LGG treatment
significantly increased CPT1 levels only in WT mice. PPARca protein
level was not changed by fructose in WT, but decreased in the KO
mice. LGG treatment significantly elevated hepatic PPARa only in the
WT mice (Figure 4A).
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We further analyzed two major transcription factors responsible for
DNL. Total liver ChREBP and SREBP1c protein levels were unchanged
by 12-week fructose feeding in either WT or KO mice. However, KO
mice had less hepatic ChREBP compared to WT mice fed fructose. LGG
supplementation significantly decreased total hepatic ChREBP protein
only in the WT mice. Total hepatic SREBP1c protein were unchanged
by LGG in either WT or KO mice (Figure 4B). Interestingly, nuclear
levels of ChREBP were increased by fructose in two types of mice, and
LGG prevented the nuclear translocation only in WT mice (Figure 4C).
Nuclear SREBP1c protein level was not altered by fructose in WT mice
but significantly increased in the KO liver. LGG supplementation did not
change the nuclear SREBP1c protein level in either WT or KO mice
(Figure 4C). These results clearly demonstrate that FGF21 is required in
order for LGG to attenuate ChREBP activation.

3.6. LGG supplementation decreases hepatic ceramide
concentration and PP2A activity

Previous studies showed that ChREBP nuclear localization is promoted
by dephosphorylation mediated by protein phosphatase 2A (PP2A)
activation [34,35]. Thus, we measured protein levels of all PP2A
subunits. All hepatic A, B, and C subunits of PP2A were not changed by
fructose and LGG, either in the WT or in the KO mice (Figure 5A).
However, methylated PP2AC (m-PP2AC), the active form of PP2AC,
was upregulated by fructose feeding in the hepatic tissues of both WT
and KO mice (Figure 5A). Interestingly, LGG supplementation signifi-
cantly reduced m-PP2AC levels, but only in the WT mice (Figure 5A).
The alteration of m-PP2AC by LGG led us to measure the level of
leucine carboxyl methyltransferase-1 (LCMT1), which has been shown
to methylate PP2AC [36]. As shown in Figure 5B, fructose feeding
increased LCMT1 protein expression in the livers of the WT mice, and it
was attenuated by LGG supplementation. However, in the KO mice, the
inhibitory effect of LGG was blunted.

Previous studies showed that PP2A activation was inhibited by (dehydro)
sphingosine 1 phosphate (S1P/DHS1P) [37], a metabolite of ceramide
regulated by sphingosine kinases (Sphks). Liver total ceramide con-
centration slightly decreased in WT mice but significantly decreased by
LGG treatment in KO mice (Figure 5C). The mechanism by which LGG
lowers more liver ceramide in the KO than in the WT mice is currently
unknown. Importantly, liver DHS1P was markedly increased by LGG in
the fructose-fed WT mice. This upregulating effect was significantly
blunted in the KO mice (Figure 5D). Protein level of SphK2, the major
form of SphKs in the liver, was slightly increased by fructose feeding but
significantly increased by LGG in the WT mice. Again, this effect was
blunted in the KO mice (Figure 5E). Interestingly, basal level of liver
SphK2 was increased in the KO mice compared to the WT mice
(Figure 5E). A recent study showed that FGF21 is a negative regulator of
bile acid synthesis [38] and administration of FGF21 significantly
decreased hepatic level of bile acid, which has been shown to upre-
gulated SphK2 [39]. It is likely that absence of FGF21 may result in an
increase of bile acid and thus a basal upregulation of SphK2. Never-
theless, fructose feeding decreased SphK2 levels in the KO mice.
Additional studies are needed to elucidate this phenomenon.

3.7. LGG supplementation decreases adipose tissue size and
increased serum ADPN production

SphK2 is regulated by ADPN signaling in the liver. Hepatic ADPN re-
ceptor 1 and 2 (AdipoR1 and -2) sense ADPN to activate SphK2.
Fructose and LGG did not change the protein levels of AdipoR1 and -2
in either WT or KO mice (Fig. S6). Since ADPN is mainly produced in the
adipose tissue, we analyzed ADPN regulation in adipose tissue.
Fructose feeding significantly increased gWAT weight in either WT or
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KO mice (Figure 2B), which was significantly attenuated by LGG
supplementation only in the WT mice (Figure 6A). Adipose tissue
staining revealed that adipocyte size was enlarged significantly by
fructose feeding (Figure 2C) and reversed by LGG supplementation in
the WT mice (Figure 6B). However, this reduction was not observed in
the FGF21 KO mice (Figure 6B). To determine the effect of LGG on the
adipose function, we measured serum level of ADPN and mRNA levels
ADPN production related genes in adipose tissues. As shown in
Figure 6C, in the WT mice, serum ADPN concentration was reduced by
fructose and elevated by LGG supplementation. The basal level of
serum ADPN in the KO mice was significantly lower than that of the WT
mice. Fructose feeding and LGG supplementation did not alter the
serum ADPN concentrations in the KO mice. Adipose tissue ADPN gene
expression was not changed in fructose-treated mice but was
numerically increased by LGG supplementation in the WT mice
(Figure 6D). The mRNA levels of transcription factors that regulate
ADPN expression were examined. PPARy and CCAAT-enhancer
binding protein o (CEB/Pa) mRNA levels were not significantly
changed by fructose and LGG in either WT or KO adipose tissue
(Figure 6D). However, CEB/P3 mRNA levels were decreased by fruc-
tose and markedly elevated by LGG supplementation in the WT mice,
while no significant changes occurred in the KO mice (Figure 6D).
These results indicate a role of LGG in adipose remodeling favoring
ADPN production.

3.8. LGG supernatant increases pAMPK in hepatocytes
AMP-activated protein kinase (AMPK) phosphorylates ChREBP and
decreases ChREBP activation [40]. To determine the role of LGG on
AMPK signaling, rat hepatic H4IIE cells were incubated with LGG
culture supernatant (LGGs). Eight-hour treatment significantly
increased liver kinase B1 (LKB1) protein level, which is one of the
major kinases to phosphorylate AMPK. As a result, pAMPK was
significantly increased (Figure 6E).

4. DISCUSSION

Probiotics have been used in animal models and currently in many
clinical trials for NAFLD treatment. While there are an increasing
number of studies, the precise mechanisms underlying probiotic ac-
tions are still lacking. In the present study, we provide evidence that
FGF21 is required for many beneficial effects of probiotic LGG in the
reversal of fructose-induced NAFLD in mice. Specifically, we showed
that LGG increased hepatic FGF21 and adipose tissue ADPN expres-
sion, resulting in an upregulation of SphK2 and an inactivation of
PP2AC that leads to the reduced ChREBP activity and reversal of
fructose-induced NAFLD.

The rise in prevalence of NAFLD strongly suggests that environmental
factors play an important role in the disease pathogenesis. High
saturated fat consumption has been considered as the major risk factor
for NAFLD [41]. However, restriction of saturated fat while increasing
refined sugar intake does not reduce the prevalence of metabolic
diseases, including NAFLD [42]. An important, but not well-studied
change is the dietary fructose consumption, which has increased
dramatically in US in the past decades, especially in the pediatric
population [5—7]. More importantly, consumption of fructose, but not
glucose, has been associated with increased visceral adiposity, insulin
resistance, and increased hepatic DNL [8—13], which is the dominant
fat accumulation mechanism in NAFLD compared to fatty acid [3-
oxidation [43]. Moreover, fructose restriction results in a reduction in
NAFLD. Unfortunately, there is no effective treatment for fructose-
associated NAFLD other than life style modification.
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Increasing evidence from preclinical and clinical studies suggests that
probiotics are beneficial in the treatment of NAFLD [17]. Lactobacillus
rhamnosus GG (LGG), the best-characterized probiotic strain, has been
consistently shown to be beneficial in the metabolic syndrome. Recent
studies showed that LGG supplementation prevented high fructose-
induced liver steatosis and inflammation [19]. Whether LGG can
reverse established fructose-induced NAFLD was unknown until our
current study. We showed that 12-week fructose feeding significantly
increased liver fat accumulation, and this was reversed by 4-week LGG
supplementation, suggesting a therapeutic effect of LGG in fructose-
associated NAFLD.

A previous study showed that LGG supplementation increased bene-
ficial gut bacteria abundance, favoring butyrate production in mice fed
fructose [19]. Butyrate is known to regulate intestinal barrier function
and activate PPARa. in the liver [44,45]. FGF21 is a hepatokine that is
induced in the fasting state or by consumption of a ketogenic diet
through activation of PPARa [46—48]. FGF21 also senses over-
nutrition through ChREBP activation [49,50]. The dynamic regulation
of FGF21 serves as an energy sensor to regulate lipid metabolism.
Previous studies have shown that FGF21 is increased in the patients
with obesity and NAFLD [51,52]. Acute fructose challenge dramatically
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increased blood FGF21 in humans [32]. An FGF21-resistant state has
been proposed in diabetic and obese subjects [53,54]. However, some
other studies showed that overt FGF21 resistance was not evident [55].
Although FGF21 levels are high in NAFLD, pharmacological adminis-
tration of FGF21 reduced body weight and fatty liver and improved
glycemia [56]. Upregulation of FGF21 is likely an adaptive response to
energy disturbance in metabolic syndrome. We observed that 5-week
fructose feeding dramatically increased circulating FGF21, but it was
significantly reduced by the end of a 12-week fructose feeding. These
results suggest that prolonged fructose exposure reduces the adaptive
upregulation of FGF21. Although the mechanisms underlying this
reduction by prolonged fructose feeding remains to be explored,
several potential mechanisms have been indicated. Fructose con-
sumption causes intestinal barrier dysfunction leading to an increase of
bacterial products such as lipopolysaccharides [19], which has been
shown to decrease FGF21 [57]. PPARq. is an important transcription
factor for FGF21 induction. Although the protein level of PPARo. was not
changed by fructose, but the activity might be decreased. Indeed,
fructose feeding decreased intestinal butyrate concentration, which is
a known ligand for PPARa. activation [58,59]. Most importantly, sup-
plementation of LGG in last 4 weeks of a 12-week fructose feeding
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regimen increased PPARo expression, which may contribute to the
restored circulating FGF21 to the level comparable to 5-week fructose
feeding.

DNL is the dominant event in obesity-associated hepatic fat accu-
mulation, which is mediated in part by the transcription factors ChREBP
and SREBP [60]. ChREBP senses carbohydrate metabolites and reg-
ulates gene expression in multiple programs including DNL [23].
Although the role of ChREBP remains controversial in hyper-
triglyceridemia and insulin resistance, it is known that fructose-
activation of ChREBP contributes to hepatic steatosis [24]. Inhibition
of ChREBP in obese and ob/ob mice leads to reversal of hepatic
steatosis [24]. Our significant finding is that LGG supplementation
decreased ChREBP nuclear localization only in fructose-fed WT mice,
and this was accompanied by decreased hepatic expression of lipo-
genic enzymes and steatosis. FGF21 deficiency diminished this
inhibitory effect of LGG, suggesting a requirement of FGF21.

The specific action of FGF21 is determined by the tissue expression of
FGF receptors and the single transmembrane co-receptor, B-Klotho
[61]. Adipocytes have high expression levels of both FGFR1 and [3-
Klotho and act as a major FGF21 target cell type [62]. Consistent with
previous studies, high fructose feeding increased body weight gain,
serum glucose, and fat mass in WT mice. Those increases were
attenuated in the KO mice. However, gWAT weight in the KO mice
tended to be increased by fructose feeding compared to WT mice. This
adipocyte enlargement and inflammation impairs the expression and
secretion of one of the major adipokines, ADPN. We showed that
fructose feeding significantly decreased serum ADPN concentration in
WT mice. FGF21 KO mice have significantly lower basal ADPN level in
the blood, which was not changed by fructose feeding. Importantly,
treatment by LGG reversed the fructose-suppressed ADPN levels in WT
mice but not in the KO mice. The increased serum levels of ADPN are
associated with increased level of C/EBPJ3, which regulates ADPN gene
expression [63,64]. Therefore, the beneficial effect of LGG on ADPN
production is FGF21-dependent. This finding is important because
therapeutically targeting endogenous ADPN expression has been
proposed as an effective and promising treatment in metabolic dis-
eases [65].

A critical question is how does LGG exert its function to regulate
ChREBP activity through FGF21 and ADPN. Activation of ChREBP is
mediated by de-phosphorylation leading to nuclear translocation
and dimerization of ChREBPa. and ChREBPP. Carbohydrate me-
tabolites, such as X5P and glucose-6-phosphate (G6P), upregulate
PP2A resulting in a de-phosphorylation and nuclear translocation of
ChREBP [35,66]. Previous studies have shown that methylation of
the C subunit of PP2A (m-PP2AC) activates the enzyme [67]. Our
data clearly showed that fructose feeding elevated hepatic m-
PP2AC levels in both WT and KO mice, while LGG treatment
decreased m-PP2AC only in the WT mice, suggesting a require-
ment of FGF21 for the inhibitory effects on PP2A by LGG. Further
analysis of LCMT1, a methyltransferase responsible for PP2A
methylation [68], showed a decrease in protein level by LGG,
further supporting this notion. In addition, ceramide activates PP2A
leading to a dephosphorylation, and consequently an activation of
ChREBP, while sphingosine-1-phosphate (S1P), a ceramide
metabolite, inhibits PP2A activity [69]. S1P is converted from
ceramide through Sphk1/2, which is mediated by ADPN activation
[70]. Increases in hepatic Sphk2 protein and DHS1P suggest that
the de-activation of ChREBP by LGG is mediated, at least partially,
by ADPN-regulated ceramide metabolism. In contrast, AMPK
phosphorylates ChREBP at Ser568, which decreases ChREBP
activation [40]. Our data showed that LGG supernatant increased
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LKB1 and pAMPK protein level, suggesting that LGG may also exert
its action through AMPK to regulate ChREBP activity in fructose-
associated NAFLD.

ADPN has an anti-inflammatory effect. Loss of this anti-inflammatory
signal contributes to the development of inflammation in adipose tis-
sues and other target tissues such as liver [65]. A recent study showed
that FGF21 might have immunosuppressive effects through inhibition
of NFkB [71]. Our data demonstrate that LGG treatment reduced the
upregulation of TNFo. and CXCL10 in WT mice but not in the FGF21 KO
mice, suggesting that the anti-inflammatory effect of LGG is mediated
by ADPN-FGF21 signaling. Interestingly, FGF21 KO mice had
decreased CXCL10 upon fructose exposure and did not respond to LGG
treatment. CXCL10 recruits immune cells to the site of tissue injury in
the initial phase of inflammation, and excess CXCL10 expression is
deleterious due to the induction of pro-inflammatory cytokines such as
TNFa. [72]. Our data suggest that anti-inflammatory effects of LGG
require FGF21-ADPN signaling to suppress fructose-induced liver
inflammation.

Although our results clearly showed a requirement of FGF21 in the
protective effect of LGG against fructose-induced NAFLD, how LGG
increases hepatic FGF21 expression in the setting of fructose exposure
remains unknown. It is known that LGG administration profoundly
altered the gut microbiome in a variety of pathophysiological conditions
[73—75]. Analyzing the contribution of gut bacteria to the effects of
LGG on FGF21 regulation will help to investigate the underlying
mechanisms. Studies showed that LGG administration increased
butyrate-producing bacteria abundance [76]. Increasing fecal butyrate
concentrations may counteract the decrease in hepatic PPARa caused
by prolonged fructose feeding and thus enhance FGF21 expression. It
is also possible that LGG metabolites suppress certain hepatic bile
acids that are strong antagonists of farnesoid X receptor (FXR), which
has been shown to regulate FGF21 expression. Indeed, our data
showed that LGG significantly decreased tauro-B-muricholic acid
(TBMCA), a potent FXR inhibitor [77,78], in a bile-duct ligation-induced
liver fibrosis mouse model (data not shown). A dynamic and balanced
regulation of FGF21 by LGG through PPARc, ChREBP and FXR warrants
further investigation in fructose-induced NAFLD. In addition, identifying
the specific active regulating molecules that have FGF21 inducing
activity will further clarify the mechanisms by which LGG protects
against fructose-associated NAFLD.

In conclusion, the present study clearly demonstrated that probiotic
LGG supplementation could reverse fructose-induced experimental
NAFLD. Mechanistically, LGG restores the prolonged fructose
exposure-decreased hepatic expression of FGF21, which, in turn, in-
creases adipose ADPN production. Elevated ADPN increases hepatic
sphingosine 1 phosphate and inhibits PP2A activity. Together with
activated AMPK, the upregulated FGF21-ADPN signaling reduces
ChREBP activation that decreases fatty liver. Our results suggest that
FGF21 is required for the beneficial effects of LGG, and LGG may
function to regulate the gut-adipose-liver axis to reduce fructose-
associated NAFLD (Figure 6F).
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