
Original Research

Alteration of FXR phosphorylation and sumoylation in liver in the

development of adult catch-up growth

Xiang Hu1, Qiao Zhang2, Juan Zheng1, Wen Kong1, Hao-Hao Zhang1,3, Tian-Shu Zeng1,
Jiao-Yue Zhang1, Jie Min1, Chaodong Wu4 and Lu-Lu Chen1

1Department of Endocrinology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430022,

China; 2Department of Cardiovascular Surgery, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,

Wuhan 430022, China; 3Department of Endocrinology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, China;
4Department of Nutrition and Food Science, Texas A&M University, College Station, Texas 77843, USA

Corresponding author: Lu-Lu Chen. Email: cheria_chen@126.com

Abstract
Catch-up growth in adult, is increasingly recognized as an important causative factor for the extremely prevalent insulin resis-

tance-related diseases especially in developing countries/territories. We aimed to investigate the alteration of bile acids level,

phosphorylation and sumoylation of its interacting protein, bile acid receptor/farnesoid X receptor and their downstream signaling

pathway, as well as insulin sensitivity and lipid profile in catch-up growth in adult rats. Male Sprague-Dawley rats were randomly

allocated into four groups for two sampling points: caloric restriction group, catch-up growth in adult refed with normal chow and

their normal chow controls for four or eight weeks (N4, N8 individually).We found that total serum bile acids and farnesoid X

receptor phosphorylation increased without significant changes in farnesoid X receptor sumoylation and its downstream small

heterodimer partner expression at the end of caloric restriction stage, while the visceral fat decreased and insulin resistance never

occurred in these animals; After refeeding, total serum bile acids, farnesoid X receptor phosphorylation and sumoylation, as well

as Cyp7a1, SREBP-1c mRNA levels were higher with significant decrease in small heterodimer partner expression, which is

associated fat accumulation, and drastic insulin resistance in whole body and skeletal muscle. Our findings demonstrated that the

fat accumulation and insulin resistance are associated with increases of bile acids, alteration of farnesoid X receptor phosphor-

ylation, and sumoylation and its downstream signaling pathway. These changes of bile acids, farnesoid X receptor phosphoryl-

ation and sumoylation, as well as their downstream signaling might be of importance in the etiology of fat accumulation and insulin

resistance in catch-up growth in adult.
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Introduction

Catch-up growth, a phenomenon that embodies an acceler-
ated recovery after weight loss or growth retardation, is well
recognized to increase risks for insulin resistance (IR)-
related diseases in later life, which could occur in prenatal,
childhood, or adult life.1 In recent decades, with the rapid
economic development, developing countries/territories
are in transition from an era of food scarcity to one of abun-
dance and generally have undergone nutrition promotion,
which is the most common cause of catch-up growth in
adult (CUGA).2,3 Furthermore, these changes are associated
with an increasingly widespread prevalence of IR-related
diseases such as type 2 diabetes4,5 and considered as one
of the most important causative factors for the epidemic
IR-related diseases around the world.1,6

In our previous study, we found that visceral fat accu-
mulation and IR developed shortly while refeeding after
caloric restriction in CUGA.7,8 Actually, the etiology of fat
accumulation and IR in CUGA is not totally clear, although
it is reported that skeletal muscle (SkM) mitochondrial
abnormality,9 suppressed thermogenesis10 and thrifty
metabolism11 might be critically involved. CUGA is usually
developed by refeeding after caloric restriction in animals
and the energy intake in CUGA is essentially never more
than that in its normal chow control.7,8 Therefore, the
increased efficiency in nutrient absorption and energy stor-
age is increasingly considered as the crucial causative factor
in the pathogenesis of fat accumulation and IR, which are
characteristics of CUGA.12 Lately, It is reported that bile
acids (BAs) and its interacting protein, bile acid receptor/
farnesoid X receptor (BAR/FXR), play a vital role in
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nutrient absorption and energy storage and were con-
sidered to be vital in the etiology of IR-related diseases.13

BAs are end products of cholesterol metabolism and con-
tribute to the solubilization and absorption of lipids and fat-
soluble vitamins. It is also well recognized that BAs func-
tion as signaling molecules and activate specific receptors,
including FXR.14 BA-activated FXR induces hepatic expres-
sion of the small heterodimer partner (SHP) and affects its
downstream signaling molecular involved in nutrient
absorption and energy storage, such as Cyp7a1 and
SREBP-1c. Moreover, FXR transcriptional activity is regu-
lated by its protein modifications such as phosphorylation
and sumoylation.15,16 The main objective of the present
study is to report the detailed changes in BAs level,
hepatic FXR phosphorylation and sumoylation, BA-acti-
vated FXR downstream signaling in liver, lipid profile,
and IR in CUGA rats. We also tentatively postulate that
the increase in fat accumulation and IR were due to the
alteration of FXR phosphorylation and sumoylation, as

well as its subsequent changes of downstream signaling
pathway in liver.

Materials and methods
Animals and diets

Male Sprague-Dawley rats (aged 6 weeks, weighing 140–
180 g) were obtained from Laboratory Animal Center of
Tongji Medical College, Huazhong University of Science
and Technology. All rats were maintained in stainless
steel cages individually, with free access to water and sub-
jected to controlled lighting (lights on 06:00–18:00), tem-
perature (22� 3�C) and relative humidity (50� 10%). All
rats randomly allocated into four groups for two different
sampling points with eight rats (N¼ 8) in each group as
illustrated in Figure 1(a): R4 (maintained on caloric restric-
tion for four weeks) and its controls N4 (fed ad libitum with
normal chow for four weeks) for four-week sampling point;
R4N4 (CUGA refed with weight-matched normal chow for

Figure 1 Feeding regime (a) and energy intake (b). The catch-up growth in adult (CUGA) rats were developed by refeeding after caloric restriction. The controls (NC)

were fed with normal chow diet ad libitum. The CUGA rats (RN) were fed as much as 60% of their weight-matched controls during caloric restriction and 100% of their

weight-matched controls after refeeding (RN vs. NC)
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four weeks after four weeks of caloric restriction) for eight-
week sampling point, and N8 (fed ad libitum with normal
chow for eight weeks as normal controls). They were fed with
a standard rodent chow (13.68%, 64.44%, and 21.88% of cal-
ories derived respectively from fat, carbohydrate, and protein)
as scheduled above (shown in Figure 1(a)) once per day,
which was provided by the Laboratory Animal Center men-
tioned above. The food intake of CUGA rats was restricted to
60% of that eaten by their ad libitum-fed companions of the
same weight while caloric restriction. The CUGA animals
were pair-fed with their weight-matched, ad libitum-fed con-
trols after refeeding as described previously.7,8 All the experi-
mental procedures for the use of animals in research involved
this study were approved by the Animal Ethics Committee of
our university and in accordance with Laboratory Animal
Care Guidelines of Hubei Province.

Energy intake

Food intake of animals was measured every day in the
evening as planned originally. The energy intake was cal-
culated from the following formula

Y ¼ aX ð1Þ

where Y is energy intake(kJ/day), X is food intake (g/day),
and a is energy density (kcal/g).12

Body weight, Lee index, and body fat percentage

The body weight of all the rats was measured prior to the
start of the hyperinsulinemic-euglycemic clamp. The nasoa-
nal lengths were measured before their sacrifice. Lee index
was calculated by the following equation12,17

Lee index ¼ 1000 a 1=3 =b ð2Þ

where a is weight (g) and b is nasoanal length (mm),
respectively.

Subcutaneous (groin), perirenal and epididymal white
adipose tissues were carefully collected and weighed. The
sum of perirenal and epididymal fat was considered as vis-
ceral AT.12 Body fat percentage of various ATcompartments
was calculated by dividing the weight of the determined fat
per animal by the carcass weight.

Estimation of insulin sensitivity in whole body and
SkM using hyperinsulinemic-euglycemic clamp in
conscious rats based on tail artery and vein
catheterization technique

After a 10- to 12-h overnight fast, a 120-min hyperinsuline-
mic-euglycemic clamp was performed in conscious rats
described previously.18,19 In brief, tail artery and vein cath-
eterizations were performed with intravenous integrated
catheters filled with heparin-saline solution under local
anesthesia. The venous catheter was prepared for intraven-
ous infusion of insulin and glucose, while the arterial cath-
eter for blood sampling. A prime-continuous infusion of
human insulin (Novolin R, Novo Nordisk, Tianjin, China)
was maintained at a rate of 0.25 U/kg/h to raise plasma
insulin for 120 min, and 25% glucose solution was infused

at variable rates and periodically adjusted to clamp the
plasma glucose levels at approximately 4.5 mmol/L. The
average glucose infusion rate between the 60th and 120th
min (GIR60-120) was used to evaluate systemic insulin sen-
sitivity. Fasting plasma glucose was determined using a
glucose oxidase kit (Beijing Chemical Industry, Beijing,
China).20 Plasma insulin level was estimated using a rat
insulin ELISA kit (Linco Research, St Charles, MO, USA).
In addition, IR was assessed with the HOMA-IR index, cal-
culated using the following formula

HOMA-IR ¼ ab=22:5 ð3Þ

where a is glucose (mmol/L) and b is insulin (mU/L).21,22

Insulin-mediated glucose transport activity was
employed to estimate the insulin sensitivity in SkM as
described previously. Briefly, in 2-deoxy-D-glucose (2-DG,
sigma-Aldrich, St Louis, MO, USA) was administered as a
bolus (2 mmol/kg in saline) through the venous cannula
45 min before the end of the clamps.23 The rats were sacri-
ficed with a lethal dose (150 mg/kg) of intraperitoneally
injected pentobarbitone sodium at the end of hyperinsuli-
nemic-euglycemic clamp and 2-deoxyglucose uptake in
SkM in vivo during hyperinsulinemic-euglycemic clamp
was determined using a non-radioisotope enzymatic
assay as described previously.7

Determination of serum triglyceride and BAs

Serum triglyceride (TG) was assayed as described previ-
ously.24 Blood for serum BAs analysis was drawn at
07:00–09:00, through the vena caudalis of the rats three
days before the day of the hyperinsulinemia-euglycemia
clamp in order to exclude the possible impact on the results
of insulin sensitivity determination in these animals. The
3a-hydroxysteroid dehydrogenase method was employed
for the analysis of total serum BAs. The reaction was deter-
mined at 546 nm using a chemistry analyzer.25

Reverse transcription and real-time PCR analysis

Total RNA was extracted according to the manufacturer’s
protocol and RNA concentration was analyzed by spectro-
photometry as described previously.7 The cDNA samples
were prepared from 2mg of total RNA sample. The real-time
PCR amplification cycles were performed using oligo-
nucleotide primers as follows:26,27 SHP, forward 50-CTCG
GTTTGCATACAGTGTTTGAC-30 and reverse 50-GCATAT
TGGCCTGGAGGTTTT; Cyp7a1, forward 50-GCTTTACA
GAGTGCTGGCCAA-30 and reverse 50-CTGTCTAGTACC
GGCAGGTCATT-30; SREBP-1c, forward 50-GCGGACGCA
GTCTGGG-30 and reverse 50-ATGAGCTGGAGCATGTCT
TCAAA-30; b-actin, forward 50-ACGAGGCCCAGAGCAA
GAG-30 and reverse 50-GGTGTGGTGCCAGATCTTCTC-
30. The expression levels of mRNA were assessed after nor-
malization with b-actin as an endogenous control gene.

Immunoprecipitation and immunoblot Analysis

Tissue extracts were prepared and immunoprecipitation
was performed as reported.28 Antibodies used for immuno-
precipitation and immunoblot assays were obtained from
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Santa Cruz Biotechnology (FXR), Cell Signaling Technology
(PKB/Akt, phospho-PKB/Akt (Ser473) and b-actin), or
Abcam (SUMO-1, phosphoserine (phospho-Ser)).

Statistical analysis

Groups at the same sampling points were compared using
two-tailed unpaired Student’s t-test with SPSS 11.5 software
(SPSS, Chicago, IL). Results are presented as
means� S.E.M. and P values of less than 0.05 were con-
sidered statistically significant.

Results
Energy intake

The average energy intake of rats was�60% of that eaten by
their weight-matched normal chow controls during CR and
100% after refeeding. However, the total energy intake of
CUGA rats is much less than their controls (Figure 1(b)).

Body weight, Lee index, body fat percentage,
and serum TG

The body weight of rats in RN (during CR and after refeed-
ing) was remarkably lower than their normal chow controls
(P< 0.05) (Figure 2(a)). However, their Lee index showed
no significant difference in R4 and R4N4 compared with

their controls (Figure 2(b)). No obvious difference was
found in the body fat percentage of subcutaneous AT
(SAT/BW) in R4 and R4N4 compared with that in N4 and
N8 (P> 0.05); on the contrary, the body fat percentage of
visceral AT (VAT/BW) was notably lower in R4 than that
in N4, while greater in R4N4 than that in N8 (P< 0.05)
(Figure 2(c)). The serum TG was greater in R4N4 compared
with N8 (P< 0.05) (Figure 2(d)).

Fasting plasma glucose, systemic and peripheral (SkM)
insulin sensitivity

The fasting plasma glucose showed no significant differ-
ence in R4 and R4N4 compared with their controls in N4
and N8 (P> 0.05) (Figure 3(a)). The fasting plasma insulin
(P< 0.05) (Figure 3(b)) and the HOMA-IR index (P< 0.05)
(Figure 3(c)) increased, as well as the average GIR60-120 at
hyperinsulinemic-euglycemic clamp decreased (P< 0.05)
(Figure 3(d)) in R4N4 compared with N8, but they were
similar in R4 to those in N4 (P> 0.05). We further found
that the insulin-mediated 2-DG uptake (Figure 3(e)) and
Ser473 phosphorylation of PKB/Akt (Figure 3(f)) in SkM in
R4N4 were significantly lower compared with N8
(P< 0.05), while no significant difference was found in
either of them between R4 and N4.
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Figure 2 Body weight (a), Lee index (b), body fat percentage (c), and serum TG (d). The body weight in CUGA rats (RN) is remarkably lower than their age-matched

controls (NC). No significant difference was observed in Lee index or the body fat percentage of subcutaneous AT (SAT/BW) in R4 compared with N4, in R4N4

compared with N8 (P>0.05), while the body fat percentage of visceral AT (VAT/BW) was lower in R4 than that in N4 and greater in R4N4 than that in N8 (P<0.05).

The serum TG was greater in R4N4 than that in N8 (P<0.05). (*P<0.05 vs. age-matched normal chow controls, all data are mean�SE)
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Serum BAs level

The total serum BAs (Figure 4(a)) increased in R4 than that
in N4 (P< 0.05). Additionally, this increase sustained after
refeeding in R4N4 compared with N8 (P< 0.05).

FXR sumoylation and phosphorylation in Liver

FXR phosphorylation was increased in R4 compared with
N4 and became even higher in R4N4 compared with N8.
Interestingly, FXR sumoylation was elevated in R4N4

compared with N8, while no significant different was
observed in R4 compared with N4 (Figure 4(b)).

Alteration of SHP, Cyp7a1 and SREBP-1c mRNA
expression level in liver

The mRNA expression level of SHP in liver was signifi-
cantly downregulated in R4N4 compared with that in N8,
without obvious changes in R4 compared with their age-
matched controls (Figure 4(c)). Moreover, the mRNA
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Figure 3 Fasting plasma glucose, systemic and peripheral (SkM) insulin sensitivity. The fasting plasma glucose was similar in R4 and R4N4 compared with their

controls in N4 and N8 (P>0.05) (a). The fasting plasma insulin (b) and the HOMA-IR index (c) increased, as well as the average GIR60-120 at hyperinsulinemic-

euglycemic clamp decreased (d) in R4N4 compared with N8 (P< 0.05), but they showed no significant difference in R4 compared with N4 (P>0.05). The insulin-

mediated 2-DG uptake (e) and Ser473 phosphorylation of PKB/Akt (f) in SkM were remarkably lower in R4N4 compared with N8 (P<0.05), while no obvious difference

was found between R4 and N4 (P>0.05) (*P< 0.05 vs. age-matched normal chow controls, all data are mean�SE)
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expression level of Cyp7a1, SREBP-1c were dramatically
up-regulated (P< 0.05) in R4 compared with N4, and
remained even higher in R4N4 compared with N8
(P< 0.05).

Discussion

In this study, we showed that the total serum BAs and FXR
phosphorylation increased without significant changes in
FXR sumoylation and SHP expression at the end of caloric
restriction stage, while the visceral fat decreased and IR
never occurred in these animals. After refeeding, total
serum BAs, FXR phosphorylation and sumoylation, as
well as Cyp7a1, SREBP-1c mRNA levels were higher
with significant decrease in SHP expression, which is asso-
ciated with fat accumulation, and drastic IR in whole body
and SkM.

We observed that total serum BAs level increased at the
end of four weeks caloric restriction. Fu and Klaassen29

found that caloric restriction can cause increases in BAs
level in mice, which is consistent with our findings. We
further found that total serum BAs sustained in a high
level after refeeding. It is reported that BAs are end-pro-
ducts of cholesterol metabolism in liver and of utmost
importance in facilitating cholesterol elimination in liver
and dietary fat absorption in intestine.15,29 Thus, the
increases in BAs during CR and after refeeding might
increase the capability of dietary fat absorption in intestine,
which might be an important explanation for the fat accu-
mulation in these animals after refeeding with sufficient
nutrient supply but no fat deposition during CR because
of undernutrition.

It is well known that the effects of BAs are mediated
through the interaction of BAs with membrane or intracel-
lular proteins, including FXR.15 FXR is a master regulator of
lipid and glucose homeostasis and activated by primary
and secondary BAs.30 The transcriptional activity of FXR
is negatively regulated by its phosphorylation and sumoy-
lation.15,16 We observed that FXR phosphorylation
increased without significant changes in FXR sumoylation
at the end of caloric restriction stage, when we did not find
fat accumulation, IR, and any obvious changes in SHP
expression. Fu and Klaassen29 found that CR increases
Cyp7a1 expression and no significant changes in SHP
expression were observed in their study, which is consistent
with our present investigation. Herein, the concurrent
increases in total BAs level and their probable positive
effects to BA-activating FXR signaling, as well as the
increase in FXR phosphorylation, might be an important
explanation to the unchanged SHP expression. Our data
indicated that Cyp7a1 mRNA expression increased mildly
during CR, which is consistent with the findings reported
by Fu, Z. D. et al. and might be the cause of elevation of
BAs.29 Even though our results showed the SREBP-1c
mRNA expression was up-regulated modestly during CR,
the nutrient deficiency in this stage might be the key point
of no fat accumulation and IR in these rats. Interestingly, in
our study, no obvious alteration was observed in SHP
mRNA but remarkable changes were found in Cyp7a1
and SREBP-1c mRNA levels during CR. That Cyp7a1 and
SREBP-1c are regulated by complicated multifactor mech-
anisms might be an important explanation of the discrep-
ancy.31 After refeeding, our observations demonstrated that
FXR phosphorylation and sumoylation increased, SHP
expression decreased, and Cyp7a1, SREBP-1c mRNA
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Figure 4 Alteration of the total serum bile acids (a), FXR sumoylation and

phosphorylation (b), and the mRNA expression of SHP, Cyp7a1 and SREBP-1c (c)

in liver. The total serum bile acids increased in R4 compared with N4 and in R4N4

compared with N8 (P<0.05). FXR phosphorylation increased in R4 compared with

N4 and was even higher in R4N4 compared with N8 (P< 0.05). FXR sumoylation

elevated in R4N4 compared with N8 (P< 0.05), while no significant difference
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liver was significantly downregulated in R4N4 compared with that in N8 (P<0.05),

without obvious changes (P>0.05) in R4 compared with N4. Meanwhile, the

mRNA expression of Cyp7a1 and SREBP-1c was dramatically up-regulated

(P<0.05) in R4 compared with N4 and remained even higher in R4N4 compared

with N8 (P< 0.05) (*P<0.05 vs. N4, #P<0.05 vs. N8, all data are mean�SE)
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expression were upregulated significantly in liver, which
were associated fat accumulation, and drastic IR in whole
body and SkM. The changes of FXR-SHP signaling pathway
could be explained by that the transcriptional activity of
FXR is negatively regulated by its phosphorylation and
sumoylation.15,16 As the rate limiting enzyme and the
major site of regulation of bile acid synthesis, Cyp7a1
increased in CUGA and is likely to be the key cause of the
elevation of BAs and their consequent facilitated energy
absorption.13 Additionally, the increase of SREBP-1c,
which is an important transcriptional regulator of lipogen-
esis, is probably crucial in the pathogenesis of fat accumu-
lation in CUGA animals and plays a pivotal role in the
consequent IR.32

Yet, it should be noted that for practical reasons invol-
ving the unavailability of agents, we were not able to deter-
mine energy absorption in intestine, as well as the activity
of Cyp7a1 and SREBP1c in liver in time unfortunately,
although their mRNA expression level are closely and posi-
tively correlates with their activity.33–35 Moreover, we did
not test the methodologies involved in this report in a cross-
sectional or longitudinal study in catch-up growth follow-
ing economic transition from poverty to higher income
status, in spite of the fact that the relevance between bile
acid signaling pathways and obesity as well as its related IR
is well recognized in recent years. Nevertheless, the alter-
ations in bile acid signaling pathways probably leading to
IR and fat accumulation observed in the refed rats might be
relevant to obesity, IR and type 2 diabetes in catch-up
growth population.

Notwithstanding these limitations, we found that the
visceral fat accumulation and IR were associated with
increases in BAs, FXR phosphorylation and sumoylation,
and alteration of their downstream signaling pathway.
Herein, we tentatively put forward the hypothesis that
FXR phosphorylation and sumoylation, mediating eleva-
tion in Cyp7a1 and SREBP1c expression, is likely to be
an important trigger for the fat accumulation and IR in
CUGA rats.
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