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Abstract: Endothelium dysfunction has been understood primarily in terms of abnormal vasomotor function, which
plays an important role in the pathogenesis of diabetes and chronic diabetic complications. However, it has not been
fully studied that the endothelium may regulate metabolism itself. The response gene to complement 32 (RGC-32)
has be considered as an angiogenic inhibitor in the context of endothelial cells. We found that RGC-32 was induced
by high fat diet in vivo and by glucose or insulin in endothelial cells, and then we set out to investigate the role of
endothelial RGC-32 in metabolism. DNA array analysis and qPCR results showed that glutamine-fructose-6-phosphate aminotransferase [isomerizing] 1 (GFPT1), solute carrier family 2 (facilitated glucose transporter), member
12 (SLC2A12, GLUT12) and glucagon-like peptide 2 receptor (GLP2R) may be among possible glucose metabolism
related downstream genes of RGC-32. Additionally, in the mice with endothelial specific over-expressed RGC-32, the
disposal of carbohydrate was improved without changing insulin sensitivity when mice were faced with high fat diet
challenges. Taken together, our findings suggest that RGC-32 in the endothelial cells regulates glucose metabolism
related genes and subsequent helps to maintain the homeostasis of blood glucose.
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Introduction
The endothelium is now recognized as a complex organ with a multitude of properties involved in both physiologic and pathologic processes. Endothelial cells (ECs) facilitate metabolic
exchange between the circulation and tissues
[1]. Endothelial dysfunction is a common feature in diabetes, insulin resistance and obesity
[2, 3]. Previously, endothelium dysfunction has
been understood primarily in terms of abnormal vasomotor function, which plays an important role in the pathogenesis of diabetes and
chronic diabetic complications, such as microangiopathy and macroangiopathy [4]. However,
specific mechanisms through which the endothelium itself may directly modulate glucose
metabolism or insulin sensitivity have not been
fully studied.
The response gene to complement 32 (RGC32) protein is localized in the cytoplasm and

has multiple functions in different cells. RGC32 plays a dual role in cancers through activating Akt and the CDC2 kinase [5], mediating
TGF-β-induced epithelial-mesenchymal transition [6] or regulating chromatin assembly [7].
RGC-32 plays as a promoter of TGF-betamediated profibrotic effects in multiple sclerosis [8] and renal fibrosis [9]. RGC-32 is essential
for both the proliferation and migration of vascular smooth muscle cells in vascular injury
[10]. In the context of endothelial cells, RGC-32
is a novel hypoxia-regulated angiogenic inhibitor [11] and causes foetal growth restriction
through interrupting the placental angiogenesis
[12]. However, the role of RGC-32 in glucose
metabolism has not been investigated yet.
In this report, we examined RGC-32 involvement in the endothelium-related effect of glucose regulation by using cultured endothelial
cells and high fat diet treated transgenic mice.
We demonstrate that RGC-32 is induced by
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protein (GFP) vector (Obigen, San Diego, CA, USA)
Gene
Forward primer
Reverse Primer
for retrovirus packaging.
GLP2R 5’-GGAAGTGGGCTCAGTACAAAC-3’ 5’-GTCCCGTTACAAAATATGCCAGA-3’
pBMN-GFP or pBMNGLUT12 5’-GAGGCTGCGGCATGTTTAC-3’
5’-CCAAGTTCATAACCCACCAGG-3’
GFP-RGC-32 were transGFPT1 5’-AACTACCATGTTCCTCGAACGA-3’ 5’-CTCCATCAAATCCCACACCAG-3’
fected to 293T using PoRGC-32 5’-TCCAACCAACTCCTCCTCTCCAG 5’-GTCACCTAATTTGGCTTTCCGA-3’
lyethylenimine (PEI, PolyGAPDH 5’-TGGTGAAGCAGGCATCTGAG-3’
5’-CTCCTGCGACTTCAACAGCA-3’
sciences, Inc. Warrington,
PA, USA) with pVSV-G, pJK3, and pCMVtat (Obihigh fat diet in vivo and by glucose or insulin in
gen, San Diego, CA, USA). The medium with retvitro. Accordingly, glutamine-fructose-6-phosrovirus/RGC-32 was collected and filtered bephate aminotransferase [isomerizing] 1 (GFPfore being used to infect HMEC-1 cells.
T1), solute carrier family 2 (facilitated glucose
siRNA transfection
transporter), member 12 (SLC2A12, GLUT12)
and glucagon-like peptide 2 receptor (GLP2R)
siRNAs targeting human RGC-32 were synthemay be among possible glucose metabolism
sized by GenePharma Co, Ltd. (ZhangJiang,
related downstream genes of RGC-32. AddiShanghai, China). Knockdown efficiency of the
tionally, in the mice with over-expressed endoduplexes of siRNA of RGC-32 (siRNA: 5’thelial RGC-32, the disposal of carbohydrate
GAUUCACUUUAUAGGAACATT-3’, 5’-UGUUCCUAwas improved without changing insulin sensitivUAAAGUGAAUCTG-3’) or a nontarget control (5’ity when mice were faced with high fat diet
UUC UCC GAA CGU GUC ACG UTT-3’, 5’-ACG
(HFD) challenges. Our findings suggest that
UGA CAC GUU CGG AGA ATT-3’) was determined
RGC-32 in the ECs regulates glucose metaboby transfection into HMEC-1 cells at a final conlism related genes and subsequent helps to
centration of 50 nM according to the manufacmaintain the homeostasis of blood glucose.
turer’s protocol. Briefly, a master mix of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
Material and methods
was diluted with 1 ml of OPTI-MEM (Invitrogen,
Carlsbad, CA, USA) and incubated for 5 min.
The investigation related with animals conLipofectamine 2000 dilution was added to the
forms to the Guide for the Care and Use of
siRNA dilution, incubated for 20 min, and added
Laboratory Animals (NIH publication no. 85-23,
dropwise to the cells. Five hours after transfec1996) and was approved by the Institutional
tion, media was changed. 72 hours later, cells
Animal Care and Use Committee at Beth Israel
were collected for the check of knockdown
Deaconess Medical Center.
efficiency.
Cell culture
Hyperglycemia and hyperinsulinmia
Human microvascular endothelial cells (HMECFor hyperglycemic conditions, endothelial cells
1, Centers for Disease Control and Prevention,
were cultured with 25 mM additional D-glucose
Atlanta, GA, USA) were cultured in MCDB-131(
(Sigma, St. Louis, MO, USA) adding to the 5 mM
Lonza, Walkersville, MD, USA), and human
in baseline of MCDB. For hyperinsulinmia conembryonic kidney cells 293 (HEK 293, American
ditions, endothelial cells were cultured with
Type Culture Collection, Manassas, VA, USA)
100 nM insulin (Sigma, St. Louis, MO, USA) in
were cultured in DMEM (Invitrogen, Carlsbad,
MCDB.
CA, USA), both supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA, USA),
DNA array analysis
100 μg/ml streptomycin and 100 units/ml penicillin (Life technology, Lonza, Walkersville, MD,
siRNAs targeting human RGC-32 or nontarget
USA), at 37°C in 95% air and 5% CO2 atmocontrol was transfected to HMEC-1 cells. 72
sphere.
hours later, total RNA was isolated from the
Table 1. Sequences of qPCR primers

Retroviral construction
The RGC-32 (NM_014059.1) coding sequence
was cloned into a pBMN-green fluorescence
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HEMC cells using TRIzol (Invitrogen), and 15 µg
of each RNA sample was used for microarray
analysis on the Human Whole Genome One
Array (HOA 4.3) by Phalanx Biotech Group, Inc.
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Figure 1. Effect of high fat diet on RGC-32 expression in wild type mice. A. RGC-32 expression in adipose tissue
was assessed after either high fat diet or normal chow diet treated mice by western blot. B. RGC-32 expression in
liver was assessed after either high fat diet or normal chow diet treated mice by qPCR. Results are mean ± SEM,
*P<0.05.

Signal pathway inhibitor treatment
After cells had grown to confluence, they were
placed in a starvation medium (0.5% FBS) for
16 hours. Starved cells were pretreated for 1
hour with vehicle or selective PI3-K inhibitor
LY294002 (Sigma; St. Louis, MO, USA), or IKK
α/β inhibitor Wedelolactone (Calbiochem; Billerica, MA, USA).
Generation of RGC-32 transgenic mice
RGC-32 transgenic mice were generated on the
FVB background at the Beth Israel Deaconess
Medical Center (BIDMC) Transgenic Core Facility using the vascular endothelial (VE)-cadherin
promoter to drive endothelial-specific expression of human RGC-32.
High fat diet treatment
Five-week-old endothelial-specific RGC-32 o/e
mice and their littermate control mice were
housed in a temperature controlled facility
(25°C) with a 12 h light-dark cycle. Mice were
fed with a HFD (Research Diets, 45% kcal from
fat) (Harlan Laboratories, Inc. Madison, WI,
USA) for 6 weeks.
Metabolic studies
Blood was obtained from feed-deprived (overnight), restrained unanesthetized mice via submandibular bleed for fasting glucose and insulin test. After submandibular bleeds, feed was
2543

returned to the cages and mice were allowed to
recover. Blood glucose was quantified using a
CVS TRUEtrack glucose monitor (Home Diagnostics, Ft. Lauderdale, FL, USA). Plasma insulin concentration was measured by enzymelinked immunosorbent assay following the
instructions of the manufacturer (Crystal Chem
Inc., Downers Grove, IL, USA).
Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed in conscious
transgenic and littermate control mice (n = 3-5
for each genotype) at the end point of high fat
diet treatment. For GTT, mice were fasted overnight, yet given free access to water, and glucose (1 g/kg body weight) was injected intraperitoneally. Blood glucose was measured by
tail bleeding using CVS TRUEtrack glucometer
at 0, 30, 60, and 120 minutes after glucose
injection. For ITT, mice were injected with insulin (0.75 U/kg body weight; Eli Lilly and Co.)
intraperitoneally, and blood glucose was measured at the same time points for GTT.
RNA isolation, cDNA synthesis and quantitative real-time PCR analysis
Total RNA was extracted from the stable RGC32 o/e and control HMEC-1 cell lines using
Trizol (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. A total of
2.0 μg of RNA were reverse-transcribed using
High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Carlsbad, CA, USA) with
Int J Clin Exp Med 2014;7(9):2541-2549

RGC-32 in ECs contribute to glucose homeostasis

Figure 2. Effect of glucose and insulin in RGC-32 expression in HMEC-1. A. Immunoblot analysis of RGC-32, phosphate-AKT and AKT in HMEC-1 cells after 25 mM D-glucose or 100 nM insulin treated for 1, 3 or 5 days. Upper panel
showed represent blot and the lower panel showed the result analyzed by Image J. B. Quantitative real-time polymerase chain reaction (QPCR) analysis of RGC-32 mRNA levels in human microvascular endothelial cells (HMEC-1)
after 1 or 3 days treatment by 25 mM D-glucose. C. Immunoblot analysis of RGC-32 in HMEC-1 cells treated with
selective PI3-K inhibitor LY294002 or IKK α/β inhibitor Wedelolactone. *P<0.05.

random primers according to the manufacturer’s protocol. Quantitative real-time PCR (QPCR)
amplification was done using SYBR Green
Master Mix (Applied Biosystems, Carlsbad, CA,
USA) according to the manufacturer’s protocol
with the following primers (Table 1).
2544

Real time quantitative PCR was performed in
the SDS 7000 System (Applied Biosystems,
Carlsbad, CA, USA). For all individual cDNAs,
amplification of each specific mRNA sequence
was performed in at least 3 independently performed PCR experiments. For each reaction,
Int J Clin Exp Med 2014;7(9):2541-2549
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Figure 3. Effect of RGC-32 on glucose metabolism related genes. A. DNA array analysis of GFPT1, GLUT12 and
GLP2R mRNA levels in RGC-32 siRNA infected HMEC-1 cells. B. qPCR analysis of GFPT1, GLUT12 and GLP2R mRNA
levels in RGC-32 o/e HEMC cells. Results are mean ± SEM based on 3 experiments. *P<0.05.

expression was calculated as 2-DCt, where DC t is
the difference between the C t for the gene of
interest and the C t for the housekeeping gene,
GAPDH.

according to the instructions of the manufacturer (Thermo Fisher, Pittsburgh, PA, USA).
Densitometric analysis was done using the NIH
software program, Image J 4.5.

Immunoblot analysis

Statistical analysis

RGC-32 and GFP-stably transfected HMEC-1
cells were washed twice with cold phosphatebuffered saline (PBS) and lysed in cold RIPA
buffer (Boston Bio-Products, Inc., Ashland, MA,
USA) containing 50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and protease inhibitor cocktail
(Roche, Basel, Switzerland). Protein concentrations were determined with the DC Protein
Standard Assay (Bio-Rad, Munich, Germany).
Samples were subjected to SDS-PAGE, transferred to nitrocellulose membranes (Whatman,
Springfield Mill, UK) and subsequently blocked
in TBS-Tween 20 containing 5% non-fat milk for
1 h. The membranes were incubated with the
indicated primary antibodies: polyclonal antiRGC-32 (a kind gift from Dr. Rus, University of
Maryland and custom synthesized by Genemed,
CA, USA), polyclonal anti-AKT (Cell Signaling
Technology, Inc., Danvers, MA, USA), polyclonal
anti-p-AKT (Cell Signaling Technology, Inc., Danvers, MA, USA), monoclonal anti-vinculin(Sigma,
Germany); followed by incubation with horseradish peroxidase-conjugated secondary antibodies anti-rabbit IgG with 1:2000 dilution
(Calbiochem, La Jolla, CA, USA) or anti-mouse
IgG with 1:2000 dilution (Vector Labs, Burlingame, CA, USA). Blots were developed using
the chemiluminescence detection system

Data was obtained from at least three independent cell cultures or animals, as denoted in the
figure legends. For statistical analysis, if differences were established, the values were compared using a Student’s t-test. The values were
expressed as mean ± SEM. The results were
considered significant if P < 0.05.
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Results
RGC-32 expression is increased in high fat diet
treated mice
To investigate the role of RGC-32 in metabolism, we initially examined RGC-32 expression
in wild type mice fed with high fat diet comparing to normal chow diet. HFD treated mice demonstrated an increase in RGC-32 levels in adipose tissue and liver comparing to normal chow
diet treated mice (Figure 1A, 1B). These results
demonstrate that RGC-32 is induced by high fat
diet and may be important to the homeostasis
of metabolism to some extent.
RGC-32 is induced by glucose and insulin in
HMEC-1 through PI3K pathway
To determine whether RGC-32 in endothelial
cells can be induced by hyperglycemia or hyperinsulinmia, HMEC-1 cells were treated by addiInt J Clin Exp Med 2014;7(9):2541-2549
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Figure 4. Effect of RGC-32 on glucose homeostasis and insulin sensitivity. A. Body weight was obtained on endothelial-specific RGC-32
o/e and their littermate control mice after being fed with a high-fat
diet for 6 weeks. B. Fasting blood glucose (left panel) and insulin
(right panel) concentration in endothelial-specific RGC-32 o/e and
their littermate control mice. C. Glucose tolerance test in endothelialspecific RGC-32 o/e and their littermate control mice. Glucose was
measured before and 30, 60, and 120 minutes after intraperitoneal
glucose injection at 11 weeks of age (left panel). The AUC of glucose
levels during glucose tolerance tests is shown (right panel). D. Insulin induced hypoglycemia in endothelial-specific RGC-32 o/e and
their littermate control mice was analyzed; glucose was measured
before and 30, 60, and 120 minutes after intraperitoneal insulin
injection, and then glucose disposal rate comparing to baseline at
different time points was shown.

tional 25 mM D-glucose or 100 nM insulin for
1, 3 or 5 days respectively. When HMEC-1 cells
were treated with 25 mM D-glucose, RGC-32
protein and mRNA levels were increased comparing to control cells (Figure 2A, 2B). When
HMEC-1 cells were exposed to 100 nM insulin
for 1 to 5 days, RGC-32 was increased as well
(Figure 2A). Phosphate-AKT was also increased
during the period of high glucose or insulin
treatment (Figure 2A). To verify that RGC-32
was induced through PI3K-AKT pathway, HMEC1 cells were pretreated with vehicle or selective
PI3-K inhibitor LY294002 or IKK α/β inhibitor
Wedelolactone. Not NF-κB inhibitor but PI3K
inhibitor dramatically attenuated the RGC-32
expression (Figure 2C). These results suggest
that RGC-32 is induced by hyperglycemia or
hyperinsulinmia in endothelial cells through
PI3K- AKT pathway.
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RGC-32 regulates glucose metabolism related
genes
To test whether RGC-32 in HEMC regulates glucose metabolism related genes, RGC-32 was
either knocked down by transfection of siRNAs
or overexpressed by retroviral infection in
HMEC-1. Originally, DNA microarray data from
RGC-32 siRNA treated HMEC-1 illustrated that
a handful of metabolism related genes had significant changes, including GFPT1, GLUT12 and
GLP2R (Figure 3A). GFPT1 and GLUT12 mRNA
expression were decreased markedly in RGC32 o/e HMEC cells comparing with control cells,
while GLP2R mRNA expression was increased
dramatically (Figure 3B). Thus, results from
both RGC-32 knockdown and overexpression
HMEC cells confirmed that RGC-32 regulates
GFPT1, GLUT12 and GLP2R.

Int J Clin Exp Med 2014;7(9):2541-2549
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Effect of endothelial specific RGC-32 overexpression in high fat diet treated mice
We next examined the metabolic effect of
endothelial specific RGC-32 overexpression on
mice fed a high fat diet. Five-week-old endothelial-specific RGC-32 o/e mice and their littermate control mice were fed HFD (42% kcal from
fat) for 6 weeks. RGC-32 did not significantly
alter body weight (Figure 4A). Overnight fasting
blood glucose and 6-hour fasting plasma insulin concentrations were not significantly altered
in RGC-32 o/e mice (Figure 4B). We evaluated
insulin sensitivity and glucose homeostasis in
RGC-32 o/e and littermate controls fed HFD. As
shown in Figure 4C, the ability of glucose disposal in response to an intraperitoneal glucose
tolerance test (1 g/kg body weight) was significantly increased in RGC-32 o/e mice compared
with their littermate controls. Additionally, the
area under the curve (AUC) was calculated and
was significantly smaller in the transgenic RGC32 o/e mice. In contrast, insulin induced hypoglycemia (after intraperitoneal administration
of insulin (0.75 U/kg)), was not significantly different in RGC-32 o/e mice versus littermate
control (Figure 4D), indicating similar insulin
sensitivity between two groups. Thus, the mice
with RGC-32 overexpression in endothelial cells
appear to have increased ability of blood glucose disposal on condition of high fat diet.
Discussion
The role of the endothelial organ in governing
physiologic homeostasis and fostering disease
pathogenesis has been recognized [1].
Endothelial dysfunction is a common and early
finding in diabetes, which is promoted by a
bunch of metabolic factors such as dyslipidemia, elevated free fatty acids, hypertension,
and obesity [13]. To date, endothelial dysfunction has been understood primarily in the context of abnormal vasomotor function [14]. Our
results showed that the over expression of
RGC-32 in endothelial will increase the ability of
blood glucose disposal, although the insulin
sensitivity was not changed. The mechanisms
linking endothelium RGC-32 with glucose
homeostasis have not been investigated yet.
We previously reported that related transcriptional enhancer factor-1 (RTEF-1) in endothelial
cells not only plays an important role via regulation of angiogenesis [15] but also decrease
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blood glucose via stimulating IGFBP-1 expression [16]. It was reported that PPARγ in the
endothelium integrates metabolic and vascular
responses [17]. These findings provide the
basis for novel insights into the role of vascular
endothelial cells in metabolism.
The present studies revealed an important role
of RGC-32 in the regulation of glucose homeostasis. First, we demonstrated that RGC-32 is
induced by high fat diet in mice adipose and
liver. Second, we identified RGC-32 is induced
by hyperglycemia and hyperinsulinemia in
endothelial cells through PI3K-AKT pathway.
Third, we found that carbohydrate metabolic
genes, such as GFPT1, GLUT12, GLP2R, were
regulated by RGC-32. Finally, endothelial-specific overexpression of RGC-32 results in improved disposal of carbohydrate.
RGC-32 was induced in high fat diet treated
mice and glucose or insulin treated HMEC-1
cells, which helped to link RGC-32 particularly
in endothelial cells to glucose metabolism.
Furthermore, when we used DNA array to
screen potential RGC-32 regulated genes, a
few carbohydrate metabolisms related genes
came into our sight which was verified by qPCR.
Among these genes, the expression of GFPT1
and GLUT12 were decreased and GLP2R
increased.
Control of glucose homeostasis is a tightly regulated process involving the interplay of gut
and pancreatic hormones, gastric motility, insulin sensitivity, neural signals, and regulation of
hepatic glucose production. An endothelial cellspecific overexpressing (VE-Cad) transgenic
model was used to clarify the effects of endothelial RGC-32 on glucose homeostasis. RGC32 has no significant impact on fasting glucose.
RGC-32 ameliorates the glucose excursion
after carbohydrate stress without changing the
circulation insulin level or insulin sensitivity.
Some downstream genes of RGC-32 may be
involved in the maintaining of glucose homeostasis. GLPT1, GLUT12 and GLP2R were included but not limited to.
GFPT1, the rate-limiting enzyme of the first
step, controls the flux of glucose into the hexosamine pathway. Glucose shunted into the hexosamine pathway is not only regarded as a cellular nutrient sensor but also responsible for
glucotoxicity [18]. Decreased expression of
Int J Clin Exp Med 2014;7(9):2541-2549
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human GFPT would result in higher insulin sensitivity in animal models [19]. Thus, human
GFPT is recognized as an interesting potential
therapeutic target for type II diabetes [20].
Attenuating GFPT1 may be partial mechanism
by which RGC-32 improves disposal of blood
glucose.
Glucose uptake from the bloodstream is a ratelimiting step in glucose utilization, and is regulated by a family of membrane proteins called
glucose transporters (GLUTs). Although GLUT4
is the predominant isoform in insulin-sensitive
tissues, previous evidence presented that GLUT12 could be a novel insulin-sensitive GLUT
[21]. Other evidences showed that GLUT12
worked as a basal and insulin-independent glucose transporter in heart and active cell surface. The expression of GLUT12 was increased
in the diabetic myocardium [22]. Although the
detailed function of GLUT12 was disputable,
RGC-32 down-regulate GLUT12 may play a role
in the regulation of glucose homeostasis.
Glucagon-like peptide-2 (GLP-2) is a 33-amino
acid proglucagon-derived peptide, which stimulates glucagon secretion through GLP2R
(known as the receptor of GLP-2) present on
the alpha cell in rats with no effect on insulin
secretion [23]. GLP-2 can also increase circulating levels of glucagon in human volunteers
[24]. Knockdown of GLP2R in diabetic mice
exhibited elevated levels of glucagon and blood
glucose, impaired glucose utilization after intraperitoneal glucose injection and abnormal allocation of β- and α-cell lineages [25]. Therefore,
we deduced that increased expression of
GLP2R by over-expressed endothelial RGC-32
may help to increase the utility of carbohydrates after carbohydrate tolerance test.
Taken together, we demonstrated that RGC-32
in the endothelium plays an important role in
regulating glucose homeostasis and over
expression of RGC-32 may increase the utility
of blood glucose after carbohydrate stress. The
underlying mechanisms may be involved in
down-regulated GFPT1 and GLUT12, and upregulated GLP2R. The interaction and balance
between GFPT1, GLUT12 and GLP2R remain to
be further examined.
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