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FOUNDATION FOR HEALTHY GUT FUNCTIONS

The human gut has a huge impact on the entire health of the body. A healthy gut contributes to better absorption, a
healthy gut ecosystem, stronger immune functions, heart health, brain health, improved mood, healthy sleep, and more.
Nutrients in the foods, once digested, may enter the human body from the gut lumen by passive diffusion and osmosis.
But many nutrients such as amino acids, do require active transporters located on the intestinal epithelial cell membrane
to transport them from the gut lumen to circulation, such as SGLT1 for glucose absorption. These active transporters are
activated by mRNA.
Disruption of normal barrier function is a fundamental factor in inflammatory bowel disease, which includes increased
epithelial cell death, modified mucus configuration, altered tight junctions, along with decreased expression of antimicrobial
peptides.
Gut microbiota is a dynamic “organ” of critical importance for human health. In healthy conditions the symbiotic
microorganisms in the intestinal tract participate in the normal nutrient metabolism and immunity regulation of the host.
Gut mucosal integrity is absolutely important for the adhesion and growth of gut microbiota.
The lymphoid elements of the gut comprise organized lymphoid tissues such as the Peyer’s patches (PP), and the
mesentric lymph nodes (MLN). The effector sites of the intestine are the mucosal epithelium and underlying lamina
propria (LP). Here there are many different immune cells including activated T cells, plasma cells, mast cells, dendritic
cells and macrophages. Inflamed intestinal epithelial cell and lamina propria reduce these immune cells and weaken the
immune functions.
For more details, please view the scientific papers

ASTRAGIN® PROMOTES ABSORPTION, INTESTINAL
WALL REGENERATION, MICROBIOTA POPULATION
AND IMMUNE FUNCTIONS

AstraGin® is NuLiv Science’s proprietary gut nutraceutical composed of highly
purified and fractionated Panax notoginseng and Astragalus membranaceus
produced by a proprietary pharmaceutical extraction and processing technology.
AstraGin® has shown in 16 in-vitro and 8 in-vivo studies that are published in the
Journal of Agricultural and Food Chemistry, Molecular Nutrition & Food Research
and Scientific Reports to:
•

increase the absorption of peptides, amino acids, fatty acids, vitamins
and phytonutrients by up-regulating the absorption specific mRNA and
transporters, such as SGLT1, CAT1, and GLUT4.

•

repair ulcerated and damaged intestinal walls and reduce intestinal
submucosa inflammation. AstraGin® was shown in a hematoxylin-eosin stain
and a MPO assay to reduce ulceration and unclear surfaces of intestinal
epithelial cells and sub-mucosal edema in TNBS-induced colitis rats.

•

may help maintain a healthy microbiota population by mending ulcerated and
damaged intestinal epithelial cell surfaces for the microbiota to populate.

•

may help support stronger immune functions by mending ulcerated epithelial
cells and reducing the inflammation in intestinal mucosal lamina propria that
hosts the gut-associated lymphoid tissue (GALT1), T cells, plasma cells , mast
cells, dendritic cells, and macrophages.

For details, please view the scientific papers

ABSORPTION

ASTRAGIN® INCREASES ABSORPTION &
BIOAVAILABILITY OF AMINO ACIDS, PEPTIDES,
FATTY ACIDS, VITAMIN, AND PHYTONUTRIENTS

Many nutrients, such as glucose and amino acids, are
absorbed through special absorption sites on intestinal
lumen by special transport proteins.
AstraGin® has shown in 16 in-vitro in Caco-2 cell and 8
in-vivo in normal and TNBS-induced colitis rat to increase
the absorption of amino acids, peptides, fatty acids, folate,
and phtyo nutrients by up-regulating the expression level
of special mRNA and transport proteins, such as SGLT1
and CAT1.

(Miner-Williams WM, et al, 2014)
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ASTRAGIN® INCREASES AMINO ACIDS AND
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ASTRAGIN® INCREASES LYSINE, HISTIDINE AND ARGININE
ABSORPTION IN NORMAL AND TNBS-INDUCED RATS
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MUSCLE SYNTHESIS

ASTRAGIN® INCREASES PROTEIN SYNTHESIS THROUGH
MITOCHONDRIAL FUNCTION DERIVED SIGNALING PATHWAYS

Mitochondrial dysfunction inhibits muscle mass growth.
AstraGin® has shown to increase liver ATP production by
18% and elevated mitochondrial function.

(Vanina Romanello, et al, 2016)

MUSCLE SYNTHESIS

PLASMA CONCENTRATION LEVEL OF LEUCINE
AND HUMAN MUSCLE PROTEIN SYNTHESIS

Muscle protein synthesis is influenced by the
availability of leucine.

(Vanina Romanello, et al, 2016)
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mTOR (Mammalian target of
rapamycin) is an enzyme that is
stimulated by nutrients and growth
factors and inhibited by stress to
ensure that cells grow only during
favorable conditions.

p70S6K (S6K1) is a kinase that acts
downstream of mTOR signaling in
response to growth factors and plays
a role in protein synthesis and in cell
growth control.

(Xiangfeng Konga, et al, 2016)

MUSCLE SYNTHESIS

EFFECTS OF ASTRAGIN® ON mTOR PATHWAY

Arginine
+67%
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+58%

mTOR

Protein Synthesis
+30%

Based on the difference in extracellular
concentration of leucine from 130nM to 210nM.

LUMEN RENEWAL

INTESTINAL LUMEN PERMEABILITY
ON HEALTH AND DISEASE

Healthy epithelial cells of the villi transport nutrients (amino
acids and carbohydrates) and lacteals (lipids) from the lumen
of the intestine to the blood stream. When epithelial barrier
integrity is compromised due to inflammation, medications or
other factors, harmful substances get into our body.
Precise mechanisms of this condition is still unknown. Most
studies concur that it is associated with hereditary, infectious,
environmental, and auto-immune factors. The integrity of the
intestinal epithelial barrier plays a critical role in human health.
Restoration of the epithelial barrier integrity is an important
healing response in intestinal disorders. Medications such
as non-steroidal anti-inflammatary drugs, steroids, and
immunomodulators, are limited in their application because of
poor efficacy and adverse effects.

LUMEN RENEWAL

ASTRAGIN® INCREASES L-ARGININE UPTAKE AND
CAT TRANSPORTER LEVELS IN CACO-2 CELLS
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LUMEN RENEWAL

ASTRAGIN® ACTIVATES THE mTOR PATHWAY AND
ENHANCES PROTEIN SYNTHESIS IN CACO-2 CELLS
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LUMEN RENEWAL

LYSINE AND RAPAMYCIN SUPPRESS THE EFFECTS OF
ASTRAGIN® ON mTOR SIGNALING PATHWAY
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LUMEN RENEWAL

ASTRAGIN® REDUCES INFLAMMATION
IN TNBS-INDUCED COLITIS MICE
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LUMEN RENEWAL

ASTRAGIN® PROMOTES CELL PROLIFERATION AND
SCRATCH WOUND CLOSURE IN CACO-2 CELLS
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The mTOR pathway, a central regulator of human
metabolism and physiology, regulates cell growth,
cell proliferation, cell motility, cell survival, protein
synthesis, autophagy, and transcription.

**p < 0.01, and ***p < 0.001 versus the untreated control.

INTESTINAL LUMEN RENEWAL

ASTRAGIN® REDUCES INTESTINAL MUCOSA
INFLAMMATION AND PERMEABILITY
CONTROL

IBD MODEL

ASTRAGIN® UNDER IBD MODEL

Inflamed TNBS induced
colon cells

AstraGin® -treated TNBS-induced
colon cell

Ulceration
Unclear surface
Submucosal edema

Normal healthy colon cells

AstraGin® was shown in a hematoxylin-eosin stain and a MPO assay to
reduce ulceration and unclear surface of intestinal epithelial cells and
sub-mucosal edema in TNBS-induced colitis rats. It is suggested from
the many in-vitro studies that this effect may be due to AstraGin®’s
ability to up-regulate the mTOR pathway to increase the protein
synthesis and cell proliferation.

GUT FLORAS

ASTRAGIN® MAY SUPPORT A HEALTHY GUT FLORA POPULATION

Gut microbiota is a dynamic “organ” of critical importance for human health. In healthy conditions, the symbiotic
microorganisms in the intestinal tract participate in the normal nutrient metabolism and immunity regulation of
the host. Gut mucosal integrity is absolutely important for the adhesion and growth of gut microbiota.
Ulceration
Unclear surface
Submucosal edema

AstraGin® may help populate good gut microbiota by mending ulcerated
and damaged intestinal epithelial cells for the microbiota to live.

IMMUNE FUNCTIONS

ASTRAGIN® MAY SUPPORT STRONGER IMMUNE FUNCTIONS

Intestinal epithelial cells and sub-mucosa (lamina propria (LP)) host gut-associated lymphoid tissue (GALT), T
cells, plasma cells, mast cells, dendritic cells, and macrophages. Inflamed intestinal epithelial cells and lamina
propria reduce these immune cells and weaken the immune functions

Ulceration
Unclear surface
Submucosal edema

AstraGin® has shown to repair ulcerated epithelial cells and reduce inflammation in lamina propria
that host many immune cells, such as gut-associated lymphoid tissue (GALT), T cells, plasma cells,
mast cells, dendritic cells, and macrophages.
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Astragaloside II promotes intestinal
epithelial repair by enhancing
L-arginine uptake and activating
the mTOR pathway
Shih-Yu Lee1, Wei-Cheng Tsai2, Jung-Chun Lin3, Blerina Ahmetaj-Shala4, Su-Feng Huang2,
Wen-Liang Chang5 & Tsu-Chung Chang2,6,7
Astragaloside II (AS II) extracted from Astragalus membranaceus has been reported to promote
tissue wound repair. However, the effect of AS II on inflammatory bowel disease is unknown. We
investigated the effects and mechanism of AS II on intestinal wound healing in both in vitro and in vivo
models. Human intestinal Caco-2 cells were treated with multiple concentrations of AS II to assess
cell proliferation, scratch wound closure, L-arginine uptake, cationic amino acid transporter activity,
and activation of the mTOR signaling pathway. These effects were also measured in a mouse model
of colitis. AS II promoted wound closure and increased cell proliferation, L-arginine uptake, CAT1 and
CAT2 protein levels, total protein synthesis, and phosphorylation of mTOR, S6K, and 4E-BP1 in Caco-2
cells. These effects were suppressed by lysine or rapamycin treatment, suggesting that the enhanced
arginine uptake mediates AS II-induced wound healing. Similar results were also observed in vivo. Our
findings indicate that AS II can contribute to epithelial barrier repair following intestinal injury, and may
offer a therapeutic avenue in treating irritable bowel disease.
Inflammatory bowel disease (IBD) is a chronic gastrointestinal disorder, which can manifest as ulcerative colitis
and Crohn’s disease1. Clinical symptoms include weight loss, abdominal pain, diarrhea, and bleeding2, and continuous mucosal inflammation can lead to intestinal fibrosis and may subsequently progress and develop into
colon cancer3. The prevalence of IBD has been reported as 200 per 100,000 in the US, and this number is increasing; IBD has now become a global health issue as more countries are adopting a Western diet 4. Although the
precise mechanisms of IBD are still unknown, most studies concur that IBD is associated with hereditary, infectious, environmental, and auto-immune factors. The integrity of the intestinal epithelial barrier plays a role in
IBD progression5. Recent studies have indicated that restoration of the epithelial barrier integrity is an important
healing response in IBD and other intestinal disorders6–10. Thus, the repair of the intestinal epithelial barrier may
be a promising therapeutic strategy in IBD. Current medications, such as non-steroidal anti-inflammatory drugs,
steroids, and immunodulators, are limited in their application because of poor efficacy and adverse effects10.
Therefore, a new effective therapy for IBD is needed.
Recovery of the epithelial barrier is crucial in the treatment of colitis. L-arginine (L-Arg) is involved in protein
synthesis and regulation of many essential cellular functions, including immune response, hormone secretion,
and wound healing11. In addition, L-Arg and its metabolite ornithine promote colonic epithelial wound repair by
enhancing cell proliferation and collagen deposition12. L-Arg uptake has been shown to occur primarily by cationic amino acid transporter 2 (CAT 2), and is an important process in the restoration of colonic epithelial cells10.
This is also confirmed by evidence that L-Arg supplementation suppressed intestinal permeability and improved
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Figure 1. Effects of astragaloside II (AS II) on cell proliferation and scratch wound closure in Caco-2 cells.
(A) Chemical structure of AS II. (B) Caco-2 cells were treated with 0.01, 0.1, and 1 μM AS II for 24 hr. Cell
proliferation was measured using a CCK-8 kit. (C) The Caco-2 cell monolayers were scratched and incubated
with the indicated concentrations of AS II. Wound closure was photographed and quantified over time. Data
represent mean ± SEM (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the untreated control.
IBD symptoms by enhancing wound healing in an IBD rodent model7. Protein metabolism in intestinal mucosa
is essential for gut homeostasis and maintenance of the epithelial barrier13. L-Arg increases intestinal protein synthesis and epithelial repair by activating the mechanistic target of rapamycin (mTOR) signaling pathway14. Once
activated, mTOR phosphorylates its downstream targets, ribosomal protein S6 kinase (p70 S6K) and eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1), thereby promoting mRNA translation, protein synthesis, and cell
growth15. In contrast, blockage of the mTOR pathway suppresses intestinal cell migration16. In this way, L-Arg
contributes to wound healing and protein synthesis, while significantly enhancing mTOR signaling; this pathway
may be a promising agent in intestinal wound closure.
Radix Astragali is a well-known medicinal herb for reinforcing Qi (the vital energy) in traditional Chinese
medicine, which considers it to possess immunomodulatory, wound-healing, anti-inflammatory, anti-aging,
anti-oxidant, and hypoglycemic properties17. Astragalus membranaceus contains a variety of compounds,
including polysaccharides, flavonoids, and saponins. Astragaloside II (AS II; Fig. 1A) is one of the major
cycloartane-type triterpene glycosides extracted from Radix Astragali18, and has recently been reported to be a
potential adjunctive agent in cancer chemotherapy19, enhancement of osteogenesis20, and modulation of T cell
activation21. However, the effects and underlying mechanism of AS II on intestinal wound healing are unknown.
In the present study, we examined the effect of AS II in repair and restoration of intestinal epithelial barrier function and the signaling mechanism involved, both in vitro and in vivo.

Results

AS II promotes cell proliferation and scratch wound closure in Caco-2 cells. We first investigated
the effect of AS II on cell proliferation. AS II increased cell proliferation (fold-change compared with control:
1.11 ± 0.03 for 0.01 μM, p < 0.05; 1.22 ± 0.03 for 0.1 μM, p < 0.001; 1.16 ± 0.03 for 1 μM, p < 0.001) (Fig. 1B). AS
II improved scratch wound closure in Caco-2 cells in a time-dependent manner (Fig. 1C); the maximum effect of
scratch wound closure was observed at 0.1 μM. Forty-eight hours after initiating the scratch wound assay, scratch
wound percent closure increased from 30.77 ± 2.13 to 41.42 ± 2.09 (0.01 μM, p < 0.01), 42.17 ± 1.42 (0.1 μM,
p < 0.001), and 39.79 ± 1.61 (1 μM, p < 0.01) (Fig. 1C).
AS II increases L-Arg uptake and CAT protein levels in Caco-2 cells.

To assess the effects of AS II
on L-Arg uptake, we treated Caco-2 cells with AS II. As shown in Fig. 2A, 0.1 μM of AS II significantly increased
L-Arg cellular uptake between 0.5 and 24 hr compared with the control, reaching 104.73 ± 3.90 pmol/mg protein/
min 6 hr after treatment (p < 0.001). The stimulatory effect of AS II was observed in the concentrations tested;
the greatest effect was seen in the 0.1-μM treatment (108.18 ± 8.02 pmol/mg protein/min, p < 0.001 compared
with the control; Fig. 2B). To identify the L-Arg transporters involved, we measured the expression of CAT1 and
CAT2, and found that 0.1 μM AS II significantly increased both CAT1 and CAT2 expression (Fig. 2C and D)
between 6 and 48 hr after treatment. A higher concentration of AS II (1 μM) also increased CAT1 and CAT2
protein levels (1.45 ± 0.18 fold-increase over control for CAT1, p < 0.05; 1.55 ± 0.05 fold-increase over control for
CAT2, p < 0.05; Fig. 2E and F).

AS II activates the mTOR pathway and enhances protein synthesis in Caco-2 cells. We studied
the effect of AS II on mTOR activation and protein synthesis. AS II (0.1 μM) increased phosphorylated mTOR
Scientific Reports | 7: 12302 | DOI:10.1038/s41598-017-12435-y
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Figure 2. Effects of astragaloside II (AS II) on L-arginine (L-Arg) uptake and cationic amino acid transporter
(CAT) expression. Differentiated Caco-2 cells were incubated with AS II and then analyzed for L-Arg
accumulation at the indicated time periods (A) and concentrations (B). CAT1 and CAT2 protein levels in
Caco-2 cells were assessed by western blotting at different time points (C and D) and concentrations (E and F)
of AS II treatment. Data represent mean ± SEM (n = 6 for L-Arg uptake, n = 3 for western blotting). *p < 0.05,
**p < 0.01, and ***p < 0.001 versus the untreated control.

levels, especially 1 hr after treatment (1.44 ± 0.02 fold-increase over control, p < 0.01; Fig. 3A and B). AS II also
promoted the phosphorylation of mTOR’s downstream targets S6K and 4EBP1, especially 3 and 6 hr after treatment (p < 0.01 for p-S6K and p < 0.05 for p-4EBP1 compared with the control; Fig. 3A,C and D). We then investigated the effect of AS II on cellular protein synthesis. AS II significantly increased protein synthesis in both a
time- and concentration-dependent manner (Fig. 3E and F). These findings indicate AS II increases both the
mTOR signal pathway and protein synthesis in Caco-2 cells.

Lysine and rapamycin both suppress the effects of AS II on the mTOR signaling pathway. To
investigate the roles of L-Arg uptake and mTOR signaling in the wound-healing activity of AS II, we used
lysine (a competitive inhibitor of CAT1 and CAT2 for L-Arg uptake) and rapamycin (the mTORC1 inhibitor).
Pretreatment with lysine reduced AS II-upregulated scratch wound closure (from 40.58 ± 1.48 to 32.10 ± 1.54%;
p < 0.01; Fig. 4A), protein synthesis (from 120.60 ± 2.48 to 94.88 ± 2.09%; p < 0.001; Fig. 4B), p-mTOR (from
1.18 to 0.93 fold-increase over control; Fig. 4C), and p-S6K (from 1.43 to 0.97 fold-increase over control;
Fig. 4D). Rapamycin exerted similar effects on AS II-upregulated scratch wound closure (from 29.36 ± 1.01 to
18.43 ± 0.52%; p < 0.05; Fig. 4E), protein synthesis (from 118.14 ± 1.49 to 92.20 ± 2.56% compared with control; p < 0.001; Fig. 4F), and p-S6K (from 1.71 ± 0.08 to 0.21 ± 0.17 fold-increase over control; p < 0.01; Fig. 4G).
The results indicated that both upregulation of the L-Arg uptake and mTOR activation are necessary for AS
II-mediated wound healing.
AS II attenuates 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice.

To assess
the in vivo effects of AS II, we established a TNBS-induced mouse model of colitis. We found that treatment
with AS II attenuated TNBS-induced weight loss (from 85.75 ± 2.54 to 94.85 ± 1.78% compared with the control
[100%], p < 0.01; Fig. 5A), and affected the length of the small intestine (from 28.46 ± 1.40 to 31.88 ± 0.85 cm,
p < 0.05; Fig. 5B), length of the large intestine (from 5.40 ± 0.18 to 6.22 ± 0.22 cm, p < 0.05; Fig. 5C), and myeloperoxidase (MPO) activity in the small intestine (from 1.15 ± 0.30 to 0.35 ± 0.08 unit/mg protein, p < 0.01;
Fig. 5D). MPO activity in the large intestine (Fig. 5E) and epithelial barrier permeability (Fig. 5F) were also measured, but did not differ statistically from the control. AS II significantly increased L-Arg uptake in the small intestine (from 500.60 ± 64.17 to 731.29 ± 75.82 pmol/min/mg protein, p < 0.05; Fig. 5G). Slight but non-significant
increase was observed in the colon (Fig. 5H). AS II also increased CAT1 and CAT2 levels in the small intestine
(Fig. 5I) and CAT1 levels in the colon (Fig. 5J). Colon histology appeared altered (Fig. 5K).

Discussion

In this study, we examined the effects of AS II, one of the major bioactive components of A. membranaceus, on
repair and restoration of intestinal epithelial barrier function, and investigated the signaling mechanism involved.
We found that AS II can promote scratch wound closure, cell proliferation, and arginine uptake, and can induce
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Figure 3. Effects of astragaloside II (AS II) on the mTOR signaling pathway and on protein synthesis. Caco-2
cells were incubated with 0.1 μM AS II and then harvested for western blotting (A). Levels of p-mTOR/mTOR
(B), p-S6K/S6K (C), and p-4E-BP1/4E-BP1 (D) were quantified. Protein synthesis was assayed by [3H]-leucine
incorporation and quantified by time (E) and concentration (at 24 hr, F). Data represent mean ± SEM (n = 3).
*p < 0.05, **p < 0.01, and ***p < 0.001 versus the untreated control.

the arginine transporters CAT1 and CAT2 in differentiated human intestinal Caco-2 cells. In addition, AS II
enhanced the phosphorylation of mTOR, S6K, and 4E-BP1, while protein synthesis increased significantly. The
effects of AS II on wound closure were also confirmed using L-lysine (a competitive inhibitor of L-Arg uptake)
and rapamycin (a specific mTOR inhibitor), as both of these inhibitors suppressed the effect of AS II on wound
closure. These results suggest that L-Arg uptake and mTOR signaling activation are involved in AS II-induced
wound healing. The effect of 0.1 μM AS II was greater than that of 1 μM AS II on cell proliferation, wound closure,
L-Arg uptake, CAT1 expression, and leucine incorporation. These findings indicate that 0.1 μM is an effective
concentration. A 1-μM treatment appeared to exert adverse effects or to inhibit the beneficial effects. The higher
concentration may induce or interfere with certain cellular activities. The dose independent activity has been
reported in different natural product22. In a TNBS-induced mouse colitis model, AS II was shown to ameliorate
the severity of colitis symptoms such as weight loss, reduction in intestinal length, intestinal inflammation, and
increased mucosal permeability. AS II also increased intestinal L-Arg uptake and mucosal CAT protein levels.
Our findings indicate that AS II promotes intestinal epithelial healing through increased L-Arg uptake and protein synthesis, which are likely mediated by the increased expression of L-Arg transporters and activation of the
mTOR signaling pathway, respectively. Figure 6 displays our proposed mechanism of AS II action.
A recent strategy for managing IBD has been to improve the integrity of the intestinal epithelial barrier and
prevent recurrence of intestinal inflammation, especially in Crohn’s disease23. In traditional Chinese medicine,
Radix Astragali is a tonic herb used in a variety of inflammatory and immune diseases, as well as for wound
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Figure 4. Effects of L-lysine and rapamycin on wound closure and protein synthesis in astragaloside II (AS
II)-treated Caco-2 cells. Cells were incubated with L-lysine (20 mM) or rapamycin (100 nM) 30 min prior to
treatment with 0.1 μM AS II. Scratch wound closure and protein synthesis were quantified after 36 hr (A) and
24 hr (B), respectively. Levels of p-mTOR/mTOR (C) and p-S6K/S6K (D) were analyzed in the L-lysine-treated
cells. Similarly, scratch wound closure (E), protein synthesis (F), and p-S6K/S6K levels (G) were analyzed in
the rapamycin-treated cells. Data represent mean ± SEM (n = 3). *p < 0.05 and **p < 0.01 versus the untreated
control; #p < 0.05 versus the AS II-treated cells.
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Figure 5. Effects of astragaloside II (AS II) on a 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced mouse
model of colitis. (A) Body weight. (B) Length of the small intestine. (C) Length of the colon. Myeloperoxidase
(MPO) activity was examined in both the small intestine (D) and the colon (E). (F) mucosal permeability. (G
and H) L-arginine (L-Arg) uptake. (I and J) Levels of cationic amino acid transporters (CATs). (K) Histological
examination was performed by photomicrography (original magnification at 40× and 100×). Data represent
mean ± SEM (n = 6). *p < 0.05, ***p < 0.01, and ***p < 0.001 versus the untreated control; #p < 0.05 and
##
p < 0.01 versus the AS II-treated cells.
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Figure 6. Proposed mechanism of astragaloside II (AS II) action on intestinal epithelial wound repair.

healing21. In the present study, we showed that AS II can promote intestinal epithelial wound healing via the
mTOR pathway in vitro and in vivo. IBD pathogenesis is a complex process, which involves the immune response
and inflammation1. Crude extract of Radix Astragali has been shown to exert protective and anti-inflammatory
effects in several animal models of colitis24–26. To our knowledge, this is the first study to report the beneficial
effects of AS II, a major bioactive component of Astragalus, in a TNBS-induced animal model of colitis. Our findings provide a better understanding of the therapeutic potential of Radix Astragali in IBD. We also showed that
MPO activity was inhibited in AS II-treated mice, indicating its anti-inflammatory potential. Future work should
assess whether AS II can attenuate IBD symptoms by modulating the immune response.
Astragalus products have been used as immunomodulatory and wound-healing agents in traditional Chinese
medicine17. However, the detailed mechanisms and bioactive components are largely unknown. Radix Astragali
contains a variety of compounds such as polysaccharides, flavonoids, isoflavonoids, and polyphenols. Among
these, astragalosides have been shown to promote wound-healing activity in vitro and in vivo27. To date, most
studies have focused on the pharmacological effects of AS IV, a major astragaloside, which has been shown to
improve wound repair and diminish scarring in burn wounds28. However, few studies have investigated AS II’s
effects on intestinal epithelial healing. The structure of AS II is similar to that of AS IV, apart from an additional
acetyl group at C-2 of the xylose residues. We found that AS II improved intestinal epithelial repair by enhancing
L-Arg uptake and activating the mTOR pathway. AS II has been shown to exert better T cell immune-stimulating
effects than AS IV21. This suggests that AS II may be a more potent immune stimulator than AS IV. Current drugs
indicated for IBD treatment include anti-inflammatory drugs, immunosuppressives, antibiotics, and biologic
agents. These agents can cause side effects such as gastrointestinal symptoms, hepatotoxicity, and renal toxicity,
limiting their clinical applications29. Radix Astragali is considered a top-grade herb in traditional Chinese medicine, meaning a safe and nontoxic herbal medicine30. Astragalus supplementation (90 g daily) has been reported
to have low toxicity and no significant adverse effects31. AS II may therefore be a safe and promising compound
for treating IBD or immune disorders.
L-Arg has been shown to promote wound healing in skin, intestinal epithelial tissues, and in vivo IBD models7,32,33. In the present study, AS II improved L-Arg uptake in both cultured Caco-2 cells and colonic tissue, and
increased CAT1 and CAT2 levels. Cellular uptake of L-Arg through CAT2 is important for colonic epithelial
wound repair10. One study indicated that 12-O-tetradecanoylphorbol-13-acetate increased L-Arg uptake and
CAT levels by activating the protein kinase C (PKC) signaling pathway in intestinal epithelial cells34. Whether
AS II promotes CAT expression via the PKC signaling pathway requires further study. High doses of L-Arg supplementation (500 mg/day) exacerbated colonic inflammation and fibrosis in rats because of excessive nitric
oxide production and collagen deposition35. A study in humans36 reported that serum levels of L-Arg were 150%
higher in patients with ulcerative colitis than in healthy individuals; levels of ornithine and lysine, which are
also transported by CATs, were elevated as well, leading to competitive inhibition of arginine uptake. In the
present study, AS II increased cellular L-Arg uptake without L-Arg supplementation. These findings suggest that
enhancement of cellular L-Arg uptake, rather than L-Arg supplementation, may be a better strategy for treating IBD. L-glutamine supplementation has been shown to contribute to beneficial effects in a dextran sulfate
sodium-induced colitis model37. The effect of AS II on L-glutamine absorption warrants further study.
L-Arg-mediated activation of the mTOR pathway improves intestinal cell migration and epithelial wound
healing14, and was confirmed in genetically defined mouse models38. We found that AS II activated mTOR and its
downstream targets, S6K and 4E-BP1. AS II increased protein synthesis in a concentration- and time-dependent
manner, contributing to accelerated cell proliferation and wound healing. We confirmed the findings using lysine,
a competitive inhibitor of L-arg uptake and rapamycin, a specific mTOR inhibitor. The mTOR signaling pathway is activated by several amino acids, including L-Arg and L-leucine39,40. Future studies should also assess the
effect of AS II on other amino acids, such as L-leucine. In addition, the CATs protein levels may not be equal to
the activity transport capacity. Our results show L-Arg uptake peaks at 6 h that are consistent with the previous
study that the protein kinase C (PKC) activator 12-O-tetradecanoylphorbol 13-acetate (TPA), stimulated system
y + arginine transport activity in Caco-2 cells with transport capacity (Vmax) between 6–12 h34. In addition,
absorption of cationic amino acids is largely dependent on y+ transport system, such as CAT1 and CAT241. It
suggests AS II might promote the activity of CATs via the PKC pathway. However, the relationship between CATs
levels and activity requires further investigation.
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In conclusion, AS II promotes intestinal epithelial repair by enhancing L-Arg uptake and activating the mTOR
pathway. These findings suggest that AS II may be effective in relieving colitis.

Methods

Materials. A. membranaceus var. mongholicus was authenticated by Dr. H.C. Lin at the National Defense
Medical Center, where a voucher specimen (NDMCP no. 1000901) has been deposited. L-Arg, L-lysine (SigmaAldrich, St. Louis, MO, USA), L-[3H]-Arg, L-[3H]-leucine (American Radiolabeled Chemicals, St. Louis, MO,
USA), and Ultima Gold liquid scintillation cocktails (PerkinElmer, Waltham, MA, USA) were used in the study.
Preparation of AS II.

Dried root powder of Radix Astragali (9.5 kg) was soaked in 95% ethanol (20 L × 7),
yielding a 756.25-g solution of Radix Astragali extract with evaporation under reduced pressure. The extract was
then partitioned between n-BuOH-H2O and n-hexane-90% MeOH to yield 90% MeOH layer (334.68 g). The 90%
MeOH fraction was subjected to medium-pressure liquid chromatography and eluted with an H2O-MeOH gradient system, yielding three fractions. Fraction 2 (83.93 g) was further chromatographed on silica gel and eluted
with CHCl3-MeOH-H2O (10:5:1) to yield AS II (1.68 g), which was identified using spectral data in the literature
(Fig. 1A)42,43.

Cell culture. The human intestinal epithelial cell line Caco-2, a widely used model for studying the intestinal

barrier, permeability, and wound healing44, was purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) with regular supplements.

Scratch wound assay.

The assay was performed as described previously45. Briefly, Caco-2 cells were seeded
in 24-well plates (2 × 105 cells/well) and allowed to reach confluence. Scratch wounds were made using a sterile
10-μL pipette tip to create a straight cell-free line simulating a wound. After scratching, the cells were rinsed gently with phosphate-buffered saline (PBS) to remove detached cells. Next, cells were incubated with AS II in 5%
CO2 at 37 °C. Cell migration was measured using photomicrography equipment (Leica Microsystems, Wetzlar,
Germany) to compare the wound area 0, 12, 24, 36, and 48 hr after making the scratch.

Cell proliferation assay.

Cell viability was assessed using a cell counting kit (CCK-8, Dojindo, Kumamoto,
Japan) as described previously46. Briefly, Caco-2 cells (5 × 103 cells/well) were seeded in 96-well plates and incubated in serum-free medium with various concentrations of AS II for 48 hr. The medium was then removed, and
10 μL of CCK-8 in 90 μL of PBS were added to the cells for 2 hr. Absorbance was measured at 450 nm using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA).

L-Arg uptake assay. The assay was carried out as described previously11. Briefly, Caco-2 cells (2.5 × 104 cells/

well) were seeded in 24-well plates. Cells were cultured for 7 days after reaching confluence to allow differentiation. The cells were then rinsed three times with transport buffer and incubated in transport buffer containing
0.1 mM L-Arg and 1 μCi/mL L-[3H]-Arg for 5 min. The buffer was then removed; cells were rinsed three times
with cold PBS and dissolved in 300 μL lysis buffer (1 N NaOH) for 1 hr at room temperature. Tissue L-Arg uptake
measurement was performed as described previously7. A 1.5-cm section of intestinal or colonic tissue was dissected and immediately incubated in transport buffer containing 0.1 mM L-Arg and 1 μCi/mL L-[3H]-Arg for
5 min. The transport buffer was then removed; the tissues were rinsed three times with cold PBS and then lysed in
500 μL 0.1 NHNO3 by gently shaking for 24 hr at room temperature. A 200-μL aliquot of the lysate was then collected and mixed with 2 mL of liquid scintillation cocktails. Radioactivity was measured with a scintillation counter (TopCount, Packard BioScience, Meriden, CT, USA). L-Arg uptake is expressed as nmol/mg of protein/min.

De novo protein synthesis assay. The assay was described in a previous study47. Briefly, Caco-2 cells were

seeded in 24-well plates (5 × 104 cells/well) and cultured for 7 days after reaching confluence. Cells were incubated
in DMEM containing 1 μCi/ml [3H]-leucine for 4 hr and then rinsed three times with cold PBS. Next, cells were
dissolved in 200 μL lysis buffer and precipitated with 10% trichloroacetic acid (TCA) for 10 min. After centrifugation at 12,000 g for 5 min, the supernatant was discarded and the protein pellet was rinsed with 10% TCA and
then dissolved in 300 μL NaOH (1 N). The solution (200 μL) was mixed with 2 mL of liquid scintillation cocktails.
Protein synthesis was measured with a scintillation counter (TopCount, Packard BioScience).

Animal study protocol. Male C57BL/6JNarl 5-week-old (18–22 g) mice were purchased from the National

Laboratory Animal Center (Taipei, Taiwan). Animal feeding and experimental procedures were approved by
the Institutional Animal Care and Use Committee of the National Defense Medical Center (certificate number:
IACUC-13–302) and performed in accordance with the relevant guidelines and regulations48. The mice were
gavaged with 1 mL saline or AS II (10 mg/kg) once daily for 11 consecutive days. TNBS (100 mg/kg) was administered via the rectum on the 8th day49. The mice were anesthetized with pentobarbital sodium (i.p. 70 mg/kg), and
blood samples were collected from the orbital sinus. At the end of the experiment (11th day), the animals were
euthanized using CO2 to allow harvesting of tissues. The intestine and colon were dissected.

MPO activity in colon tissue.

MPO activity was assayed as previously described50. In brief, the tissue was
lysed and freeze-thawed for three cycles in extraction buffer (1:20, w/v). Homogenates were then centrifuged
at 14,000 rpm for 20 min. Ten microliters of supernatant were collected and mixed with 190 μL assay buffer
(1.68 mM 3,3′,5,5′-tetramethylbenzidine and 0.00015% hydrogen peroxide). MPO activity was determined at
650 nm using a microplate reader (Molecular Devices).
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Intestinal permeability assay. The assay was performed as described previously51. Briefly, the mice were
fasted for 8 hr and then gavaged with FITC-dextran (50 mg/100 g; Sigma-Aldrich) 4 hr after fasting. Blood samples were collected from the retro-orbital sinus and centrifuged at 12,000 g for 20 min. Serum was measured at
excitation and emission wavelengths of 490 and 520 nm, respectively, using a fluorescence microtiter plate reader
(POLARstar Galaxy; BMG Labtech, Ortenberg, Germany).
Western blot analysis. This method was described in our previous study48. Cells were plated in 6-well plates

(1 × 106 cells/well) and treated accordingly. Cells were then harvested in 0.2 mL of RIPA lysis buffer, separated by
10% SDS-PAGE, and transferred to PVDF membranes (Millipore, Billerica, MA, USA). Immunoblotting was performed using primary antibodies against CAT1, CAT2 (Abcam, Cambridge, UK), p-mTOR, mTOR, p-p70S6K,
p70S6K, p-4E-BP1, 4E-BP1 (Cell Signaling Technology, Beverly, MA, USA), and the housekeeper β-actin
(Millipore). The signals were visualized with an enhanced chemoluminescence kit (Amersham Biosciences, Little
Chalfont, UK) followed by exposure of the blots to X-ray film.

Histology.

A histological examination was performed following a method described previously50. Intestinal
tissues were soaked in 10% formaldehyde solution for 24 hr, then stained with hematoxylin and eosin.

Statistical analysis. All data represent the mean ± SEM. Significant differences between group means
were determined by one-way ANOVA followed by a Bonferroni post hoc test using SPSS version 22 (IBM SPSS,
Armonk, NY, USA). p < 0.05 was considered statistically significant.
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Effect of Ginsenosides on Glucose Uptake in Human Caco-2
Cells Is Mediated through Altered Na+/Glucose Cotransporter 1
Expression
TSU-CHUNG CHANG,*,† SHU-FEN HUANG,† TE-CHUN YANG,‡ FANG-NA CHAN,†
HANG-CHING LIN,‡ AND WEN-LIANG CHANG*,‡
Department of Biochemistry and School of Pharmacy, National Defense Medical Center, Taipei,
Taiwan, Republic of China

In this study, we measured the effect of ginsenosides on glucose uptake using the Caco-2 cell system.
At submicromolar concentrations, these compounds exhibited marked effects on the rate of glucose
transport across the differentiated Caco-2 cell monolayer. Compound K (CK), the main intestinal
bacterial metabolite of the protopanaxadiol ginsenosides, significantly enhanced the steady-state
glucose transport rate to about 50% of the control sample rate (from 1.54 ( 0.09 to 2.25 ( 0.15
nmol/min). Conversely, the protopanaxatriol ginsenoside Rg1 inhibited glucose transport to about
70% of the original rate (from 1.54 ( 0.09 to 1.02 ( 0.05 nmol/min). Consistent with the effect on
glucose uptake rate, CK and Rg1 conferred a significant and paralleled alteration on both the protein
and mRNA expression levels of the Na+/glucose cotransporter 1 (SGLT1) gene. Unlike SGLT1, there
is no significant alteration on the protein or mRNA levels of GLUTs in CK- or Rg1-treated cells. Taken
together, our results demonstrate that ginsenosides CK and Rg1 elicited potent enhancing and
suppressing effects, respectively, on glucose uptake across human intestinal Caco-2 monolayer
through modulation of SGLT1 expression.
KEYWORDS: Ginsenosides; glucose; Na+/glucose cotransporter; Caco-2 cells

INTRODUCTION

Ginseng is the most widely used herbal medicine with a long
history in Asian countries. Ginseng exerts a wide range of
beneficial effects such as antiaging, improving cognitive
performance, and enhancing metabolic functions (1-3). Ginseng
is often taken for years without evidence of adverse effects or
toxicity (1-3). The main active components in ginseng are
ginsenosides, a range of triterpenoid saponins with a backbone
of steroidal structures. Classified into protopanaxadiol and
protopanaxatriol saponins according to their structures, approximately 30 different ginsenosides have been isolated and
identified to date (4). With similarity to the structure of steroid
hormones, the ginsenosides are generally believed to contribute
to ginseng’s pharmacological actions (1, 2).
One prominent physiological property of ginseng is its
hypoglycemic activity (5-9). Historical records reveal that
ginseng has been used clinically to treat diabetes (10). Ginseng
was shown to decrease postprandial glycemia in both nondiabetic and type 2 diabetic subjects (5). The aqueous extract of
ginseng was shown to be capable of producing hypoglycemia
* To whom correspondence should be addressed: (T.-C.C.) tel 886-287923100 ext 18820, fax 886-2-87924820, e-mail tcchang@mail.ndmctsgh.
edu.tw; (W.-L.C.) tel 886-2-87923100 ext 18879, fax 886-2-87923169,
e-mail wlchang@ndmctsgh.edu.tw.
† Department of Biochemistry.
‡ School of Pharmacy.

both in glucose-loaded healthy animals and in animals with
experimentally induced diabetes (6, 11, 12). The proposed
mechanisms for the hypoglycemic effect of ginseng may involve
enhanced insulin secretion (13), increased insulin sensitivity (6),
and reduced glucose absorption (14) or a combination of these
modes. Despite extensive literature documenting the glucoregulatory activity of ginseng, the mechanisms responsible for
ginseng’s hypoglycemic effect still need to be elucidated.
In this study, ginsenosides and the human intestinal Caco-2
cell system were used in an attempt to clarify the effect of
ginseng on glucose uptake in intestinal cells. The Caco-2 cells
originated from human colonic adenocarcinoma but will spontaneously differentiate into an enterocyte-like phenotype after
2 weeks. These cells form monolayers with well-developed tight
junctions and have been evaluated in detail as an in vitro model
system for the study of both transcellular nutrient and drug
transport in the intestinal lumen (15, 16). Caco-2 cells were
shown to express proteins involved in absorption of sugar
nutrients, including the Na+/glucose cotransporter (SGLT1) and
facilitative transporters GLUT1, GLUT2, GLUT3, and GLUT5
(17, 18). This cell line constitutes a unique human in vitro model
for the study of sugar transport activity and regulation of the
expression of sugar transporters (19, 20).
Here, we demonstrated that ginsenosides compound K (CK)
and Rg1 display significant but opposite effects on the rate of
glucose transport across the Caco-2 cell monolayer. The effect
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Figure 1. Structure of ginsenosides Rb1, CK, and Rg1. Ginsenoside Rb1 was converted to CK by naringinase digestion as described under Materials
and Methods.

on glucose transport coincides very well with both the SGLT1
protein and mRNA levels in this cell system. Our results suggest
that ginsenosides, at least in CK and Rg1, display significant
effects on SGLT1 gene expression, which in turn modulates
glucose uptake activity in human intestinal cells.
MATERIALS AND METHODS
Extraction and Isolation of Ginsenosides. Dried roots of Panax
notoginseng (5.05 kg) were extracted repeatedly with EtOH (10 L ×
5) at room temperature. The combined EtOH extract was evaporated
in vacuo to yield dark-brown syrup (778.19 g). The syrup was
partitioned between n-hexane and 80% MeOH to give an n-hexane layer
(20.01 g), a MeOH layer (741.41 g), and an insoluble layer (16.77 g).
The MeOH layer was chromatographed on an Amberlite XAD-4
column by elution with H2O, 50% MeOH/H2O, and 100% MeOH,
gradually, to give three fractions: H2O fraction (202.02 g; fraction 1),
50% MeOH/H2O fraction (68.35 g; fraction 2), and 100% MeOH
fraction (471.04 g; fraction 3). Fraction 2 was chromatographed on
Lobar (RP-18, 75% MeOH/H2O) to give ginsenoside Rb1 (5.53 g) (21).
Fraction 3 was subjected to SiO2 column chromatography and eluted
with CHCl3-MeOH-H2O (65:35:10) and MPLC (C-8, 75% MeOH/
H2O) to give ginsenoside Rg1 (29.54 g, Figure 1) and ginsenoside
Rb1 (25.14 g) (21, 22).
Enzymatic Hydrolysis of Ginsenoside Rb1 with Naringinase.
Ginsenoside Rb1 (1.00 g) was dissolved in 100 mL of phosphatecitrate buffer (pH 4.0) and incubated with 1.0 g of naringinase (300
units/g; Sigma, St. Louis, MO). After incubation at 38 °C for 3 days,
the products were extracted with EtOAc. The EtOAC extract was
chromatographed on Lobar (RP-18, 90% MeOH/H2O) to yield compound K (0.28 g, Figure 1) (23). The compound was identified by
fast atom bombardment mass spectrometry (FAB-MS) and 1H and 13C
NMR spectra, and the purity was assessed by HPLC to be about 99%.
Cell Culture. The established human intestinal epithelial Caco-2
cell line was obtained from American Type Culture Collection
(Rockville, MD). Cells were routinely grown in Dulbecco’s modified
Eagle medium (DMEM) containing 4.5 g/L glucose, 0.584 g/L
glutamine, 10% fetal bovine serum, 3.7% sodium bicarbonate, 100 IU/
mL penicillin, 100 µg/mL streptomycin, and 1% nonessential amino
acids. The medium was changed every 2 days and the cells were
inspected daily. For transport experiments, the cells were seeded into
polycarbonate filter cell culture chamber inserts (Transwell, 24-mm
diameter, 3 µm; Costar, Corning Inc., Corning, NY) as described (24).
The cells were left to differentiate for 15-17 days after confluency;
the medium was regularly changed three times a week. The integrity
of the Caco-2 cell monolayers and the full development of the tight
junctions were monitored before every experiment by determining the

transepithelial electrical resistance (TEER) of filter-grown cell monolayers by use of a commercial apparatus (Millicell ERS; Millipore,
Bedford, MA). Only cell monolayers with TEER values of 400-600
Ω‚cm2 were used for experiments.
Glucose Uptake Assay. In measuring the transport of glucose across
the Caco-2 monolayer, both side of the transwells were washed with
incubation buffer consisting of 80 mM NaCl, 100 mM mannitol, 20
mM Tris-HCl, pH 7.4, 3 mM K2HPO4, 1 mM CaCl2, and 1 mg/mL
BSA as described (25). The cell monolayer was preincubated in the
incubation buffer at 37 °C for 1 h and replaced with fresh medium
right before transport experiment. Transport experiment was started
by replacing the incubation solution on the apical side to solution
containing 25 mM D-glucose in which 0.2 µCi/mL D-[14C]glucose (60
mCi/mmol, American Radiolabeled Chemicals, ARC, St. Louis, MO)
was added. Samples were taken from the apical chamber in order to
measure the initial donor concentration. At designated time intervals,
10 µL aliquots of solution were removed from the basolateral side and
replaced with equal volumes of incubation buffer. The uptake of L-[14C]glucose was measured simultaneously to correct for D-glucose taken
up passively. All samples were analyzed by use of a liquid scintillation
counter (TopCount, Packard BioSciences, Meriden, CT). Results are
expressed as the steady-state rate of glucose transport (nanomoles per
minute) across the Caco-2 monolayers in mean ( SD (n ) 3-5).
Differences between means of groups were assessed by the t-test.
Western Blot Analysis. Human Caco-2 cells were plated on culture
dishes (6 cm diameter) at a density of 1 × 106 cells/dish and designated
as day 0. The cells were left to undergo differentiation for 8 days prior
to treatment with ginsenosides for another 2 days. The cells were then
washed and lysed in 0.2 mL of lysis buffer [1% NP-40, 50 mM TrisHCl, pH 7.4, 180 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM NaF,
and 10 mM Na3VO4] for 30 min at 4 °C. Protein concentration of the
samples were measured by the bicinchoninic acid (BCA) protein assay
kit according to the manufacturer’s protocol (Pierce, Rockford, IL).
Equal amount of protein samples of cell lysate (20 µg) were separated
by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and transblotted onto poly(vinylidene difluoride)
(PVDF) membrane. Immunoblotting was performed with anti-human
antibodies for GLUT1, GLUT2, GLUT3, SGLT1, and R-tubulin
(Abcam, Cambridge, MA). Signals were visualized with an enhanced
chemoluminescence kit (ECL, Amersham, U.K.) followed by exposure
to X-ray films.
Quantitative Analyses of Glucose Transporter Transcripts.
Relative levels of glucose transporters expressed in human Caco-2 cells
were determined by real-time quantitative PCR (Q-PCR). Total RNAs
were isolated from the cultured human cells by use of TRIzol reagent
(Invitrogen, Irvine, CA). RNA (1 µg) was reverse-transcribed at 37 °C

J. Agric. Food Chem., Vol. 55, No. 5, 2007

Effect of Ginsenosides on Glucose Uptake and SGLT1 Expression

1995

Table 1. Effect of Ginsenosides on Glucose Transport in Human
Caco-2 Cellsa
compd

concn (µM)

transport rate (nmol/min)

percentage

significanceb

control
CK
CK
Rg1
Rg1

0.1
0.01
0.1
0.01

1.54 ± 0.09
2.25 ± 0.15
1.93 ± 0.09
1.16 ± 0.10
1.02 ± 0.05

100
146.10
125.52
75.58
66.67

**
*
**
**

a Values are the average rate of glucose transport calculated from results shown
in Figure 2. b *p < 0.05; **p < 0.01.

RESULTS

Figure 2. Effect of ginsenosides on glucose transport in Caco-2 cells.
The cell monolayer was pretreated with ginsenosides for 24 h before the
assays were carried out. Glucose transport was measured as described
under Materials and Methods. (A) CK enhanced glucose uptake; (B) Rg1
inhibited glucose uptake. Results represent mean ± SD (n ) 3−5).
for 60 min in a 20 µL transcription mixture containing dNTP (0.5 mM),
oligo-dT (0.1 µg), RNasin (10 units), 1× PCR buffer (20 mM TrisHCl, pH 8.3; 2.5 mM MgCl2; 50 mM KCl), and 100 units of Moloney
murine leukemia virus reverse transcriptase (Invitrogen). Q-PCR was
performed on the Applied Biosystems 7500 system with predeveloped
Taqman gene expression assays (Applied Biosystems, Foster City, CA).
The reaction mixtures (20-µL total volume) contained 2 µL of serially
diluted cDNA, 10 µL of Taqman universal PCR master mix (Applied
Biosystems), and 1 µL of either SGLT1 (assay ID Hs00165793_ml),
GLUT1 (assay ID Hs00197884_ml), GLUT2 (assay ID Hs00165775_ml),
GLUT3 (assay ID Hs00359840_ml), or GAPDH primer mix (assay
ID Hs99999905_m1, Applied Biosystems). Two independent triplicate
experiments were performed for the selected genes, and the obtained
threshold cycle (Ct) values were averaged. According to the comparative
Ct method described in the ABI manual, gene expression was
normalized to the expression of the housekeeping gene GAPDH,
yielding the ∆Ct value. The average ∆Ct value obtained from untreated
control samples was then subtracted from the average ∆Ct value of
each corresponding sample subjected to treatment, yielding the ∆∆Ct
value. The specific gene expression level, normalized to the GAPDH
gene, and relative to the control sample, was calculated by 2-∆∆Ct. Data
were normalized to untreated control samples arbitrarily set at 1.
Relative quantitation was performed by use of software from the
manufacturer (Applied Biosystems). All of the information about primer
sequences and probes used is available from the web page of Applied
Biosystems.

Two ginsenosides, CK and Rg1 (Figure 1), belonging to the
protopanaxadiol and protopanaxatriol categories, respectively,
were used in this study.
CK and Rg1 Modulate Glucose Uptake Activity in Caco-2
Cells. By use of confluent and differentiated Caco-2 cell
monolayer, the effect of CK and Rg1 on glucose uptake in
human Caco-2 cells was studied. The cells were pretreated with
ginsenosides CK or Rg1 for 48 h. A saturated glucose
concentration was used in this study to minimize the rapid
metabolic effect of glucose in cells. To eliminate nonspecific
absorption, the uptake of L-glucose was measured simultaneously to correct for D-glucose taken up passively. The Caco-2
cell monolayers with intact tight junctions exhibited a steadystate rate of glucose transport of 1.54 ( 0.09 nmol/min. As
shown in Figure 2 and Table 1, CK exerted a marked
stimulatory effect on glucose transport across Caco-2 monolayers. The rate of glucose transport was significantly enhanced
to 2.25 ( 0.15 (46%) and 1.93 ( 0.09 (26%) nmol/min in cells
incubated in 0.1 and 0.01 µM CK, respectively. Conversely,
the protopanaxatriol-type ginsenoside Rg1 conferred a significant inhibitory effect on glucose uptake activity. The steadystate rate of glucose transport in the cell reduced to 76% and
67% of the original control rate, down from 1.54 ( 0.09 to
1.16 ( 0.10 and 1.02 ( 0.05 nmol/min with 0.1 and 0.01 µM
Rg1, respectively.
Ginsenosides Modulate Protein Expression Level of SGLT1.
The remarkable effect of ginsenosides on the rate of glucose
uptake suggested that these compounds may exert their effect
through modulating the expression of glucose transporters.
Caco-2 cells were found to express many glucose transporters,
including SGLT1, GLUT1, GLUT2, GLUT3, and GLUT5. For
the substrate specificity of glucose, we analyzed the expression
of SGLT1, GLUT-1, GLUT-2, and GLUT-3. The results shown
in Figure 3 demonstrated that CK exerted a marked enhancing
effect on the SGLT1 protein expression level. CK-mediated
induction of SGLT1 is concentration-dependent. With increased
CK concentrations, the SGLT1 protein level significantly
increased up to 130% greater than control (Figure 3). CK also
induced GLUT-1, -2, and -3 protein levels to a lesser and not
significant extent of about 10-20% as compared to the control
samples. In contrast to CK treatment, the SGLT1 protein level
was significantly decreased in Rg1-treated cells. As the Rg1
concentration increased to 1 µM, the SGLT1 expression was
gradually reduced to 50% of the original level (Figure 3C,D).
In addition to SGLT1, Rg1 also inhibited the expression level
of GLUT1 to about 80% of the original level. The expression
of GLUT-2 and -3 were mildly increased up to about 10-20%
by Rg1, but not significantly. These results suggest that the
observed effects on the rate glucose transport were mainly due
to increased or decreased SGLT1 protein expression levels
mediated by CK or Rg1, respectively.
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Figure 3. Effect of CK and Rg1 on SGLT1 and GLUTs protein expression level. Cell extracts were prepared from differentiated Caco-2 cells treated with
increasing concentration of CK or Rg1 for 24 h. Immunoblots were analyzed by use of antibodies against SGLT1 and GLUTs. Relative protein expression
levels of SGLT1 and GLUTs were normalized with respect to the level of R-tubulin and expressed as relative (x-fold) changes in comparison to the
untreated control samples, which were arbitrarily set to 1.0. (A) Effect of CK on glucose transporters protein expression level. (B) Quantitative analysis
of the results shown in panel A. (C) Effect of Rg1 on glucose transporters protein expression level. (D) Quantitative analysis of the results shown in panel
C. Results for GLUTs are the average of two independent experiments. Results for SGLT1 expression level represent mean ± SD (n ) 3) (*p < 0.05).

Ginsenosides Modulate mRNA Expression Level of SGLT1.
Q-PCR was used to analyze the effect of ginsenosides on mRNA
levels of SGLT1 and GLUTs. The results shown in Figure 4
indicated that, at 0.1 µM, CK up-regulated and Rg1 downregulated the SGLT1 mRNA to a significant level by 50% and
35% compared with the control, respectively. The expression
of GLUT1, GLUT2, and GLUT3 mRNA was not significantly
altered by these ginsenosides. Both CK and Rg1 slightly but
not significantly induced the mRNA level of GLUT1 to around
10-20%. These results demonstrated that CK and Rg1 conferred
parallel alterations on SGLT1 transcript and protein levels.
Taken together, our results indicated that CK and Rg1 modulate
SGLT1 gene expression at the level of transcription or mRNA
stability in Caco-2 cells.
DISCUSSION

The use of ginseng is popular worldwide; however, scientific
data supporting the claimed benefits are not always available.
The hypoglycemic activity of ginseng is one of the most studied
effects. Although numerous in vitro and animal studies have
repeatedly showed the hypoglycemic effects of ginseng, the
efficacy evidence of ginseng is still inconclusive (26, 27). It
has been shown that ginseng of different species or even

different batches of the same species displayed quite variable
glucoregulatory effects (26, 27). A likely explanation for the
variable hypoglycemic effects of different ginseng preparations
is the marked difference in the profile of ginsenosides (26, 28,
29). Studies using ginseng preparations in which the composition
was not well-characterized would likely yield inconclusive
results. In addition, ginsenosides may display very different,
even opposite pharmacological effects (1, 2). Most of the
previous studies on ginseng were carried out with extracts
composed of ginsenosides mixtures. To avoid any ambiguous
effect, purified ginsenosides were used in this study.
In this study, we analyzed the effect of ginsenosides on
glucose transport in the differentiated Caco-2 cells. We found
that the ginsenosides CK and Rg1 displayed marked but opposite
effects on glucose uptake in the Caco-2 intestinal cell system.
Our results showed that CK, a protopanaxadiol produced from
ginsenoside Rb1 by intestinal bacteria, significantly enhanced
glucose uptake. Conversely, the protopanaxatriol type ginsenoside Rg1 significantly inhibited glucose uptake. The Rg1mediated inhibitory effect on rate of glucose transport was doseindependent (Figure 3C,D). At 0.01 µM, Rg1 displayed a more
potent suppressive effect on glucose transport than at 0.1 µM
Rg1. These results imply that the maximum effect on glucose
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altered SGLT1 gene expression, which in turn modulate glucose
uptake activity in the intestinal cell system. This study provides
a novel mechanism for ginsenosides in regulating glucose uptake
in human cells and showed that some ginsenosides might display
opposite pharmacological effects. This study may also provide
an opportunity to develop Rg1 as antidiabetic agents or acting
as dietary adjuncts to existing therapies.
ABBREVIATIONS USED

SGLT1, Na+/glucose cotransporter 1; GLUT, glucose transporter; CK, compound K; Q-PCR, real-time quantitative polymerase chain reaction.
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Scope: The Na+ /glucose cotransporter 1 (SGLT1) plays a crucial role in glucose uptake in
intestinal epithelial cells (IECs), which has been shown essential in ameliorating intestinal
inflammation. Ginseng has historically been used to treat inflammatory disorders. Understanding the regulatory mechanism of ginseng-mediated induction of SGLT1 gene expression
in human intestinal cells is therefore important.
Methods and results: We demonstrate that ginsenoside compound K (CK) enhances SGLT1mediated glucose uptake in mice and human intestinal Caco-2 cells. Transient transfection
analysis using SGLT1 promoter-luciferase reporters demonstrated that the presence of an
essential cAMP response element (CRE) is required for CK-mediated induction of SGLT1 gene
expression. The ChIP assays indicated that increased CRE-binding protein (CREB) and CREBbinding protein (CBP) binding to the SGLT1 promoter in CK-treated cells is associated with
an activated chromatin state. Our result showed that the increased CREB phosphorylation is
directly correlated with SGLT1 expression in IECs. Further studies indicated that the epidermal
growth factor receptor (EGFR) signaling pathway is involved in the CK-mediated effect.
Conclusion: These findings provide a novel mechanism for the CK-mediated upregulation
of SGLT1 expression through EGFR-CREB signaling activation, which could contribute to
reducing gut inflammation.
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Introduction

Glucose is the major nutritional and energy source for eukaryotic cells. Transport of glucose into mammalian cells is
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the rate limiting step for its utilization and accordingly is a
highly regulated process. Two classes of glucose transporters
have been identified in humans, the facilitative glucose transporters (GLUTs) and the sodium-dependent glucose transporters [1]. Sodium/glucose cotransporter 1 (SGLT1) is the
primary carrier protein responsible for active transport of
glucose from the intestinal lumen across the brush border
membrane of intestinal epithelial cells (IECs) [2]. Once inside the enterocytes, these sugars are either metabolized or
diffuse out of the cell through the GLUT2 facilitative transporter, located on the basolateral membrane [3]. Intestinal
glucose malabsorption is the impaired uptake of glucose in
the intestine due to genetic defects in SGLT1 activity or decreased SGLT1 expression during intestinal inflammation
[4–6]. Intestinal glucose malabsorption can cause malnutrition, weight loss, diarrhea, dehydration, and acidosis resulting death unless this sugar is removed from the patient’s
regular diet [4]. In addition to its classical functions [4], recent evidence indicated that SGLT1-mediated glucose uptake
protects the intestinal epithelium from microbial product induced apoptosis and inflammation [7, 8]. As the nutritive and
non-nutritive roles of SGLT1 are critical in normal intestinal functions, the pharmacological induction of SGLT1 expression can be an effective strategy in maintaining healthy
intestinal epithelium homeostasis.
Ginseng, a highly valued herb in Asian countries, is
widely used as a common ingredient in energy drinks, dietary supplements, and in herbal medicines for a variety
of distresses with no apparent adverse effects from longterm usage [9, 10]. The main active components in ginseng
are ginsenosides, a range of triterpenoid saponins with a
backbone of steroidal structures. With their similarity to
the structure of steroid hormones, ginsenosides are generally believed to contribute to ginseng’s pharmacological actions. Ginseng displays significant effects in nutrient uptake
in human cells [9, 10]. It has been reported that ginseng
regulated lipid metabolism in adipocytes [11]. The beneficial effects of ginseng in animal nutrition have been documented in various fields including the viability of human
sperm cells, facilitates exercise performance, enhances nervous and immune system function, increases nutrient uptake, modulates energy homeostasis, and glycemic control in
diabetic individuals [9–12]. Ginsenoside compound K (CK) is
a protopanaxadiol derived from ginsenoside Rb1 by intestinal microbiota (Fig. 1A). Previous studies indicated that CK
regulated glucose metabolism in human cells and diabetic
model of mice [13–15]. One of the prominent physiological
properties of ginseng is its anti-intestinal disorders activity.
In animal studies, ginseng extract was used to ameliorate
intestinal inflammatory disorders. It was shown to inhibit
intestinal inflammation in mice induced by microbial products [16], trinitrobenzene sulfonic acid [17], or dextran sulfate
sodium [18], suggesting the efficacy of ginseng in preventing
intestinal inflammation. Although SGLT1 has been shown
to be essential for decreased intestinal inflammation, little is
known about the regulatory mechanism of ginseng-mediated

C 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

induction of SGLT1 gene expression in human intestinal
cells.
In an effort to understand the effect and mechanism of
ginsenoside CK on glucose absorption, in vivo mouse model
and in vitro cultured human intestinal cells were used. The
human intestinal Caco-2 cells were differentiated into enterocytic monolayers with well-developed tight-junctions. Caco-2
cells were shown to express SGLT1 that constitutes a unique
human in vitro model for the study of the functional activity
and regulation of SGLT1 expression [19–21]. As the SGLT1
protein is critical in controlling initial glucose uptake in humans, it is essential to gain clear insight into the regulatory
mechanism of SGLT1 gene expression. SGLT1 expression
has been shown to be regulated at the transcription and translation levels [5, 21], mRNA stability [22], as well as protein
stability [23]. In this study, we investigated the molecular
mechanism in CK-mediated regulation of SGLT1 gene expression using differentiated human intestinal Caco-2 cells
and animal models. We identified an essential cAMP response element (CRE) binding protein (CREB) binding motif
in the human SGLT1 promoter that is responsible for CKmediated induction of SGLT1 gene expression. This finding
provides a novel insight into the regulatory mechanism of
CK-induced SGLT1 expression in human IECs, increasing
the potential for developing therapeutic agents or dietary adjuncts for intestinal inflammatory disorders.

2

Materials and methods

2.1 Materials
The ginsenoside CK was purchased from the National
Institute for the Control of Pharmaceutical and Biological Products (NICPBP, Beijing, China) and was also prepared from the School of Pharmacy, National Defense
Medical Center, Taipei, Taiwan, as described [10]. D-[14 C]␣-methylglucopyranoside (AMG) was purchased from the
American Radiolabeled Chemicals (St. Louis, MO, USA), and
dissolved in 0.01% DMSO for cellular experiment. Primary
antibody anti-CREB, anti-p-CREB (where CREB is CREB
phosphorylation), anti-CBP (where CBP is CREB-binding
protein), anti-HNF-1, anti-Sp1, anti-AcH3 (where AcH3 is
acetyl-histone H3), anti-AcH4 (where AcH4 acetyl-histone
H4), anti-dimethyl H3K4, anti-dimethyl H3K9, and antiSGLT1 were purchased from the Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

2.2 Animals
C57BL/6 mice (BioLASCO Taiwan Co., Ltd, Taipei, Taiwan)
were housed at a suitable temperature with 12-h light/dark
cycle at the NDMC laboratory animal center. C57BL/6 mice
that were 6–8 weeks old with a body weight of 16–25 g, were
www.mnf-journal.com
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Figure 1. Effect of CK on SGLT1 protein expression level and intestinal glucose uptake in vivo. (A) Structure of ginsenosides CK. Mice were
administered 20 mg/kg of CK orally by gavage. Thirty hours after CK administration, the mice were euthanized and jejuna were prepared.
(B) Glucose uptake activity was measured using the SGLT1-specific substrate AMG. (C) The mucosal SGLT1 protein level was assess by
Western blot. (D) The SGLT1 protein levels in (C) were quantitated. The results shown represent the mean ± SD (n = 6; *p < 0.05 and
***p < 0.001).

randomly divided into control (n = 6) and CK (n = 6) treatment groups, receiving 1% DMSO and CK (20 mg/kg, dissolved in 1% DMSO) by single oral gavage, respectively [24].
After 30 h of CK administration, the mice were euthanized
and tissue samples were removed for experiments. The experimental protocol was approved by the Institutional Animal
Care and Use Committee of the National Defense Medical
Center (IACUC-11-055), Taipei, Taiwan.

2.3 Cell culture
The established human intestinal cell line Caco-2 was obtained from the American Type Culture Collection (Rockville,
MD, USA). The cells were routinely grown in DMEM containing 4.5 g/L glucose, 0.584 g/L glutamine, 10% fetal bovine
serum, 3.7% sodium bicarbonate, 100 IU/ mL penicillin,
100 g/mL streptomycin, and 1% nonessential amino acids.
The cells were left to differentiate for 15–17 days after
confluence. The integrity of the Caco-2 cell monolayers
was monitored before every experiment by determining
the transepithelial electrical resistance of filter-grown cell
monolayers using a commercial apparatus (Millicell ERS;
Millipore, Bedford, MA, USA) [9].

C 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.4 Glucose uptake assay
Glucose uptake in human CaCo-2 cells was performed
as previously described using D-[14 C]-AMG, a nonmetabolizable analog of D-glucose and a specific substrate for
sodium-dependent glucose transporters [25]. Briefly, the cell
monolayer was preincubated in the incubation buffer (80 mM
NaCl, 100 mM mannitol, 20 mM Tris-HCl, pH 7.4, 3 mM
K2 HPO4 , 1 mM CaCl2 , and 1 mg/mL BSA) at 37⬚C for 1 h
and replaced with fresh medium right before transport
experiment. The transport experiment was started by
replacing the incubation solution on the apical side to solution containing 25 mM D-glucose in which 0.2 Ci/mL
D-[14C]-glucose was added. At designated time intervals,
10 L aliquots of solution were removed from the basolateral
side and replaced with equal volumes of incubation buffer.
Glucose uptake in animals was performed as described [25].
Briefly, the whole intestine was isolated, cut open longitudinally, and washed with an ice-cold saline (0.9% NaCl) solution. Intestinal segments (1–2 cm) were used for the transport
experiment. As described above, the transport experiment
was initiated by incubation with Ringer’s solution containing
4 mM D-glucose and 0.3 Ci/mL D-[14 C]-AMG with continuous shaking and bubbling with 95%O2 /5%CO2 . At the end
www.mnf-journal.com
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of the transport experiment, the solution was replaced with
ice-cold NaCl-free Ringer’s solution to halt the reaction, and
the intestine was gently washed for 2 min. The wet weight
of tissues was obtained. The tissues were lysed and extracted
by shaking for 15 h in 1 mL of 0.1 M HNO3 . All samples
were analyzed using a liquid scintillation counter (TopCount;
Packard BioSciences, Meriden, CT, USA).

forward, 5 -TGGTATCGTGGAAGGACTCA-3 ; and GAPDH
reverse, 5 -AGTGGGTGTCGCTGTTGAAG-3 .
Three independent triplicate experiments were performed, and the obtained threshold cycle values were averaged using the comparative Ct method according to
the manufacturer’s instructions. The data are presented
as the fold differences in gene expression normalized
to GAPDH mRNA, which served as an endogenous
reference.

2.5 Western blot analysis
Western blot was performed as previously described [9].
Briefly, Caco-2 cells were rinsed with ice-cold PBS and homogenized in RIPA buffer (Pierce, Rockford, IL, USA) with
10 mM protease inhibitor cocktail. The cell lysates were collected and centrifuged at 14 000 rpm for 30 min at 4⬚C.
The supernatants were then harvested and subsequently normalized with the BCA protein assay kit (Pierce). An appropriate amount of protein was loaded for SDS-PAGE and
subsequently transferred to PVDF paper. Nonspecific binding was blocked with PBST buffer containing 5% milk for 1 h
at room temperature followed by overnight hybridization
at 4⬚C with the indicated primary antibodies. After incubation with horseradish peroxidase conjugated secondary
antibodies (Rockland Immunochemicals Inc., Gilbertsville,
PA, USA), signals were detected using enhanced chemiluminescence kits (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK). In the animal studies, intestinal
samples from mice were rinsed with ice-cold PBS and
frozen in liquid nitrogen. Following homogenization, the
samples were lysed in lysis buffer and subsequently sonicated twice for 1 min. The resulting homogenized samples were incubated with lysis buffer for 2 h at 4⬚C with
continuous shaking. Insoluble materials were then removed
from the homogenate by centrifugation for 30 min at
14 000 rpm and 4⬚C. The protein concentrations of the samples were measured and immunoblotting was performed as
described.

2.7 SGLT1 reporter plasmids construction
The 5 -upstream flanking region of the human SGLT1 gene
was obtained by PCR using genomic DNA from human
Caco-2 cells as the template. The oligonucleotide primer
pairs used for amplifying the 1955-bp SGLT1 promoter
region were designed according to the reported sequences
follows: 5 -primer: SGLT1(–1920/–1900) TGTGAGGGCAAGAGCTCTGTG and 3 -primer: SGLT1(+35/+15) TGCTACTGTCCATGGTGGCAG relative to the transcription
start site [19]. The amplified fragment was subcloned into
the SpeI- and SacII-linearized pATL5 luciferase reporter
vector to obtain the SGLT1 (–1923/+23)-luciferase construct
[26]. To study the primary active promoter fragments, PCR
primers were designed to amplify a series of 5 -deletion
promoter fragments and subcloned into the SpeI- and SacIIlinearized pATL5 vector, to obtain the SGLT1 (–1560/+22)-,
(–500/+22)-, (–235/+22)-, (–169/+22)-, (–136/+22)-,
(–83/+22)-, and (–27/+22)-luciferase reporters. In addition,
site mutations of CRE of pATL5/SGLT1 construct was
obtained by PCR. The oligonucleotide primer pairs were
designed as follows: 5 -primer: SGLT1 (mutant CRE)
CTGCTAACCATATGATCAGCCGCAAGGCATCG
and
3 -primer: SGLT1 (mutant CRE) GGCTGATCATATGGTTAGCAGCTCCGGGCGTG. All of the promoter fragments
and luciferase reporter constructs described above were
verified by restriction mapping and automated DNA
sequencing.

2.6 RNA isolation and real-time quantitative PCR
The relative level of SGLT1 transcript expressed in human
Caco-2 cells was determined using real-time quantitative
PCR (qPCR) as previously described [9]. Briefly, total RNA
was isolated from Caco-2 cells or mucosal extracts using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA samples were reverse-transcribed into cDNA using high-capacity
cDNA reverse transcription kits (Applied Biosystems, Foster
City, CA, USA). Real-time quantitative PCR was performed
on an Applied Biosystems 7500 system using SYBR Green
PCR master mix (Applied Biosystems). The sequences of the
primers used for this study are as follows: SGLT1 forward, 5 AGCGCCAGCACCCTCTTCACCATGG-3 ; SGLT1 reverse,
GAPDH
5 -CTGGGTTCCATGCAGCTCCCGGTTCC-3 ;
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2.8 Transfection and luciferase assays
The differentiated Caco-2 cells were transiently transfected
with the SGLT1 promoter-luciferase reporters with jetPEITM
transfection reagent (Polyplus Transfection SA, Illkirch,
France) and incubated with or without CK for 24 h before
being harvested for analysis. The luciferase activity was
expressed as relative luminescence units (RLU/g) and was
normalized to a constant transfection efficiency using the
internal ␤-galactosidase activity by cotransfection with the
pCH110 ␤-galactosidase reporter. The protein concentration
was normalized using a BCA reagent kit (Pierce).
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2.9 Chromatin immunoprecipitation (ChIP)
Differentiated Caco-2 cells were fixed with 1% formaldehyde
at room temperature for 10 min. Fixed cells were rinsed
twice with PBS, collected, and resuspended in 1 mL of
lysis buffer (containing 50 mM Tris-HCl (pH 8.0), 1% SDS,
10 mM EDTA, and 5 g/mL sonicated salmon sperm DNA).
Cell lysates were sonicated on ice for 90 rounds of a 1-s pulse
with a 1-s pause to obtain DNA fragments approximately
500 bp in size using a Misonix 3000 sonicator (Misonix,
Inc., Farmingdale, NY, USA). Immunoprecipitation was
conducted with the appropriate antibodies overnight at 4⬚C,
followed by incubation with preblocked protein G Sepharose
beads. The sheared preparations were then used for immunoprecipitation with 2 g of indicated antibodies followed
by incubation with protein A agarose/salmon sperm DNA
overnight at 4⬚C. Normal rabbit IgG was used as a negative
control. After washing and proteinase K digestion, DNA was
purified using phenol/chloroform/isoamyl alcohol (25:24:1)
and ethanol precipitated. The antibody-bound target DNA
fractions were analyzed using PCR with the primers SGLT11(5 -TGCTACTGTCCATGGTGGCAG-3 ) and SGLT1–2(5 GCAAGCTTTGCTTCCTGACGGTGCAGCCGC-3 ), which
amplify the SGLT1 promoter region (–169 to +23 relative
to the transcription start site). As a negative control for
the ChIP assays, a control set of primers (SGLT1-C1,
5 - GACTGCGAGGCCTGATGCT-3 and SGLT1-C2, 5 CTTCCGGCAATCATGAG-3 ) that amplifies the +1362 to
+1512 region of the SGLT1 gene was used. The resulting
PCR products were electrophoresed on 1% agarose gels and
stained with ethidium bromide.

2.10 Lentivirus shRNA particle production and
infection
Lentivirus shRNA particle production and infection was
performed as previously described [27]. Briefly, HEK293T
cells (ATCC, Manassas, VA, USA) were cotransfected with
pLKO.1-puro-based vectors, the pCMVdR8.91 packaging vector, and the pMD.G-VSVG envelope plasmid. The pLKO.1puro-based vectors contained either shLacZ or shRNAs specific for human CREB (TRCN0000226469; National RNAi
Core Facility Platform, Taipei, Taiwan), the latter of which
was used to produce lentivirus shCREB particles. For cell
transduction, Caco-2 cells were incubated with conditioned
medium containing either lentivirus shLacZ or shCREB particles. Following cell transduction, Caco-2 cells were selected
by incubating with 2 g/mL puromycin to eliminate nontransduced cells.

2.11 Statistical analysis
The data were subjected to statistical analysis using SPSS (Statistical Package for the Social Sciences) 11.0 software (SPSS,
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Inc., Chicago, IL, USA) for Windows and expressed as the
mean ± SD. Comparisons of the experimental groups were
performed using an unpaired two-tailed t-test, and the calculated p-values are indicated in the figure.

3

Results

3.1 CK upregulates SGLT1 expression in vivo
CK was administered to mice to investigate whether CK enhances intestinal glucose uptake. Using the SGLT1-specific
nonmetabolizable substrate AMG, results shown in Fig. 1B,
the jejunum from mice received CK exhibited increased glucose uptake activity (1.30-fold of control, p < 0.05). In addition,
SGLT1 expression level is also significantly increased (1.72fold of control, p < 0.001) in jejunum from mice that received
CK (Fig. 1C and D). These results indicate that CK induced
SGLT1-mediated glucose uptake and SGLT1 gene expression
in vivo.

3.2 CK induces SGLT1 expression and glucose
uptake in differentiated intestinal Caco-2 cells
Differentiated human intestinal Caco-2 cells were used to
further characterize the effect of CK on SGLT1 expression.
The results shown in Fig. 2A and B reveal that CK significantly and gradually induced SGLT1 protein level throughout
the period of study from 24 to 48 h (from 1.70- to 2.01-fold,
p < 0.05). In addition, CK also induced SGLT1 expression in
a dose-dependent manner over the dose range analyzed, with
significant induction at 0.01 and 0.1M CK for 1.76- and 2.28fold, respectively (Fig. 2C and D). The effect of induced SGLT1
expression was confirmed by measuring glucose uptake activity in CK-treated Caco-2 cells. The result shown in Fig.
2E indicates that CK significantly enhanced glucose uptake
activity, which reached maximum level at 0.1 M (1.80-fold,
p < 0.01). The effect of CK on the SGLT1 mRNA level was also
studied in Caco-2 cells. As shown in Fig. 2F and G, the SGLT1
mRNA level was increased substantially by CK in both time(2.18-fold at 24 h, p < 0.001) and dose-dependent manners
(1.96-fold with 0.1 M CK; p < 0.01). Thus, CK mediated a
comparable induction on the SGLT1 protein level and glucose
uptake activity in human intestinal cells.

3.3 CK transcriptional induces SGLT1 gene
expression in human intestinal cells
Having demonstrated that CK induced glucose uptake
and SGLT1 expression in vivo and in vitro, we next investigated the mechanism underlying the CK-mediated
induction. The effect of CK on kinetic behavior of
SGLT1-mediated glucose uptake was first examined. Using AMG, the maximum velocity (Vmax ) of glucose uptake
www.mnf-journal.com
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Figure 2. Effect of CK on SGLT1
gene expression and glucose uptake in differentiated intestinal
Caco-2 cells. Differentiated human Caco-2 cells were incubated
with or without 0.1 M CK for the
indicated time periods or with
the indicated concentrations of
CK for 24 h. (A and C) SGLT1 protein expression levels were assessed by Western blot. (B and
D) The SGLT1 protein expression
levels in (A) and (C) were quantitated, respectively. (E) Glucose
uptake activity was measured
using the SGLT1-specific substrate AMG. (F and G) The SGLT1
mRNA levels were measured by
qPCR. The results shown represent the mean ± SD (n = 3;
*p < 0.05, **p < 0.01, and
***p < 0.001).

was significantly increased by 1.59-fold, from 0.27 ±
0.02 pmol/mg protein/min of the control sample to 0.43 ±
0.06 pmol/mg protein/min of the CK-treated cells (p < 0.05;
Fig. 3A). It should be noted that there were no apparent
alterations in the KM values of the control and CK-treated
cells. These results suggest that the CK-mediated increase in
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glucose uptake was potentially due to an increased number
of SGLT1 protein molecules.
The increased level of SGLT1 protein in CK-treated Caco-2
cells can be attributed to increased transcription of the SGLT1
gene or to the stabilization of SGLT1 mRNA or protein. Caco2 cells were exposed to cycloheximide, an inhibitor of protein
www.mnf-journal.com
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Figure 3. SGLT1 gene is transcriptionally upregulated by CK in human intestinal cells. (A) The differentiated Caco-2 cells were incubated
with 0.1 M CK for 48 h before the uptake experiment. Glucose uptake was measured in the presence of 4, 2, 1, and 0.5 mM AMG for
30 min. The apparent Vmax and KM of SGLT1-mediated glucose transport were assessed. The values are the mean ± SD of nine separate
experiments performed on three different cultures (p < 0.05). (B) The differentiated Caco-2 cells were treated with 10 g/mL cycloheximide
(CHX) alone or CHX plus 0.1 M CK for the indicated time periods and the SGLT1 expression level were assessed by Western blot. (C) The
SGLT1 protein levels in (B) were quantified. (D) The differentiated Caco-2 cells were incubated with 0.25 g/mL actinomycin (ActD) alone or
ActD plus CK for the indicated time periods and the SGLT1 mRNA levels were assessed by qPCR. (E) The differentiated Caco-2 cells were
transfected with the SGLT1 (–1560/+22)-luciferase reporter and incubated with indicated concentrations of CK. After 24 h, the cell lysates
were analyzed for luciferase activity. The results shown represent the mean ± SD (n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001).
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biosynthesis, to assess the effect of CK on SGLT1 protein
stability and the half-life of the SGLT1 protein was analyzed.
The results shown in Fig. 3B and C indicate that CK had no
apparent effect on the half-life of SGLT1 protein in Caco-2
cells. Caco-2 cells were exposed to actinomycin D (ActD), an
inhibitor of transcription, in the presence or absence of CK to
examine whether SGLT1 mRNA stability was affected by CK.
Similarly, CK conferred no apparent effect on the steady-state
level of SGLT1 mRNA (Fig. 3D).
To test whether the SGLT1 gene was transcriptional upregulated by CK, Caco-2 cells were transiently transfected with a
luciferase reporter bearing the human SGLT1 gene promoter
region from –1560 to +22 relative to the transcriptional start
site. The results shown in Fig. 3E indicate that CK conferred
significant transactivation of the SGLT1 promoter in a dosedependent manner (1.78-fold with 0.1 M CK; p < 0.01),
with a magnitude comparable to that of CK-induced upregulation of SGLT1 expression (Fig. 2). Taken together, these
results demonstrate that CK-induced human SGLT1 gene expression is regulated primarily at the transcriptional level.
Furthermore, transient transfection analysis of the SGLT1
gene promoter faithfully reflected the regulatory patterns of
the SGLT1 gene in these cells.

3.4 An essential cAMP-binding element confers CK
inducibility in the human SGLT1 gene promoter
To investigate the molecular mechanism underlying the CKmediated induction of SGLT1 gene expression, a series of
5 -deletions of the SGLT1 promoter were subcloned into luciferase reporters and examined for CK responsiveness. As
shown in Fig. 4A, CK significantly induced the SGLT1 promoter fragments from –500/+22 to –136/+22, but did not
induce the shorter promoter construct –83/+22, suggesting
that the CK-responsive element is localized within the region
of –136 to –83 from the transcription starting site. An analysis of the promoter sequence within this region revealed a
potential CRE (Fig. 4B). CRE was mutated and examined for
CK inducibility to verify the functional role of this CRE in
SGLT1 gene expression. We found that CK-mediated transactivation of the SGLT1 promoter was completely abolished
in the CRE-mutated construct (Fig. 4C). These results confirmed the essential role of CRE in the regulation of SGLT1
expression by CK.
To further verify the in vivo function of this CRE in CK
signaling, the ChIP assays were employed to examine the
binding of CREB and CBP to the CRE in the human SGLT1
promoter. As shown in Fig. 4D–F, CK induced significant and
specific in vivo CREB and CBP binding to human chromatin
of the SGLT1 promoter (1.80- and 1.79-fold, respectively,
p < 0.05). In addition, there was no apparent alteration in
Sp-1 and HNF-1 binding to the control and CK-treated cells.
The results shown in Fig. 4G indicate that CK confers an
active chromatin configuration that is favorable for SGLT1
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gene expression, with evident induction of AcH3, AcH4, dimethyl-histone H3 lysine 4 (diMeH3K4), and reduction in
di-methyl-histone H3 lysine 9 (diMeH3K9) around SGLT1
promoter. Taken together, CK induces CREB and CBP binding to the SGLT1 promoter and shifts the SGLT1 chromatin
to an activated status.

3.5 CREB phosphorylation is essential for
CK-induced SGLT1 gene expression
We next examined CK-mediated CREB phosphorylation at
Ser133. The results shown in Fig. 5A and B indicate that
CK administration in mice markedly induced p-CREB up to
2.17-fold (p < 0.001). Further confirmation of CK-induced
CREB activation was carried out in human Caco-2 cells, by
showing that the p-CREB level increased significantly in a
time-dependent manner from 24 to 48 h in Caco-2 cells exposed to CK (1.85-fold at 48 h, p < 0.05; Fig. 5C and D). Thus,
CK elicited a comparable increase in the p-CREB level, SGLT1
gene expression, and glucose uptake in Caco-2 cells (Fig. 2).
A lentiviral shRNA was used to knockdown CREB in Caco2 cells to examine whether CREB is functionally required for
the CK-mediated increase in SGLT1 gene expression. The
results shown in Fig. 5E and F indicate that CK had no apparent effect on SGLT1 protein expression and glucose uptake activity in the CREB silenced cells. Collectively, these
results clearly indicate that CREB activation is essential for
CK-mediated induction in SGLT1 gene expression and glucose uptake.

3.6 CK induces CREB phosphorylation and SGLT1
expression via EGFR signaling pathway
As it has been shown that EGF signaling plays an important
role in regulation of SGLT1 gene expression [23, 28], the effect of CK in the EGF receptor (EGFR) phosphorylation was
evaluated. The results shown in Fig. 6A and B indicate that
CK significantly induced EGFR phosphorylation in a timedependent manner from 24 to 48 h in Caco-2 cells (2.23fold at 48 h, p < 0.05). The effects of CK in the presence
of specific EGFR kinase inhibitor PD153035 were examined
to investigate whether EGFR phosphorylation is functionally
required for the CK-mediated increase in CREB phosphorylation and SGLT1 gene expression. The results shown in
Fig. 6C and D demonstrate that CK-mediated induction of
CREB phosphorylation was abolished in the presence of the
EGFR kinase inhibitor. Consistent with the above results,
the EGFR kinase inhibitor conferred similar effects on the
SGLT1 protein (Fig. 6E and F) and mRNA level (Fig. 6G).
Taken together, these results suggest that the EGFR signaling
pathway is involved in CK-mediated induction of SGLT1 gene
expression.
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Figure 4. For legend see following page.
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4

Discussion

Recent studies documented decreased absorption of nutrients and electrolytes in patients with inflammatory intestinal
disorders [29, 30]. For example, SGLT1 expression was inhibited in villus cells from chronically inflamed intestines
[5, 6]. Previous studies indicated that elevated glucose concentrations in the cell culture medium protected Caco-2 cells
from apoptosis induced by LPS [8]. In human and murine
IECs, SGLT1-mediated glucose uptake was found to suppress LPS-induced IL-8/keratinocyte-derived chemokine production and NF-B activation [7]. Additionally, an in vivo
study also showed that oral ingestion, but not intraperitoneal
administration of glucose, protected mice from LPS-induced
systemic inflammatory response [7]. These findings suggest
a notion that upregulation of SGLT1 may protect IECs from
inflammation and apoptosis, which have been implicated in
the pathogenesis of inflammatory intestinal disorders [31,32].
In the present study, we showed that CK administration significantly enhanced glucose uptake and SGLT1 expression
levels in the intestines of mice and human intestinal Caco-2
cells (Figs. 1 and 2). Using the SGLT1-specific substrate AMG,
CK was shown to increase the Vmax without affecting the KM
of the SGLT1 protein (Fig. 3A). The gut microbiota plays an
important role in the metabolism of ginsenosides or in the
expression of SGLT1 [33, 34]. To avoid any ambiguous effect,
purified CK was administrated to inbred C57BL/6 mice that
presented bear normal aerobic and anaerobic enteric commensal microbiota [35]. Taken together, our results clearly
indicated that CK-mediated changes in maximum rate were
due to changes in the number of SGLT1 protein molecules.
This is the first study to provide novel insight into glucoregulatory activity of ginseonsides, through induction of intestinal
SGLT1 protein level.
In this study, we found that CK upregulates glucose uptake
primarily through increased transcription of the SGLT1 gene.
Using a series of 5 -deletion and mutated human SGLT1 promoter constructs, an essential CRE motif located within the
region of –136/-83 was identified and shown to confer CKmediated induction of SGLT1 gene expression. The CRE motif typically appears as either palindromic (5 -TGACGTCA-3 )
or half-site (5 -TGACG-3’ or 5’-CGTCA-3 ) sequences to which
CREB binds and transactivates target gene expression [36].

679
Previously, transcription factors including Sp1 and HNF-1,
which recognize different conserved promoter binding motifs, were identified as the essential regulatory elements of
SGLT1 gene expression in human intestinal or renal proximal tube cells [5, 37]. Several lines of evidence in this study
demonstrate the crucial role of CRE in conveying the CK
signal in intestinal cells. First, the SGLT1 CRE is a consensus CRE motif with no nucleotide variation and is located
at –132/–121, a typical distance for most CREs in different
genes [36, 38]. In addition, mutation of the CRE sequence
strongly reduced the CK responsiveness of the SGLT1 promoter (Fig. 4C). Moreover, the ChIP assays demonstrated the
CK-mediated increased binding of p-CREB and CBP to the
CRE-containing region and the maintenance of active chromatin configuration of the human SGLT1 gene promoter
(Fig. 4D–G) [39–42]. These results are consistent with the
finding showing that CREB phosphorylation is required for
its transcriptional activity, which recruits coactivators, such as
CBP/p300, to induce CREB target gene expression by acetylating nucleosomal histones and recruiting RNA polymerase
II complexes [43]. Furthermore, knockdown of CREB abolished CK-mediated SGLT1 gene expression and the positive
correlation between SGLT1 protein and p-CREB levels in the
intestine of mice (Figs. 1C and 5A). It should be noted that
the basal level of SGLT1 is reduced by the depletion of CREB
(Fig. 5E). In fact, mutation of the CRE sequence (Fig. 4C) also
contributes to the decreased basal SGLT1 promoter activity.
These results suggest the crucial role of CREB in modulating
basal level of intestinal SGLT1 expression. Thus, our finding
is consistent with those observed in human neuroblastoma
SH-SY5Y cells, in which the CREB activation increases the
promoter activity of the neuronal glucose transporter GLUT3
[38]. Taken together, these results demonstrate the essential
function of the CRE motif in the SGLT1 promoter for conveying CK signals. Our study provides evidence that shows
that CREB is a crucial transcription factor in the regulation
of intestinal SGLT1 gene expression.
In our study, we showed that the EGFR kinase inhibitor
completely blocks the CK-mediated induction of CREB phosphorylation and SGLT1 expression (Fig. 6). These results suggest the crucial role of EGFR signaling in conveying CK
signals to CREB phosphorylation and SGLT1 expression.
EGF is an acid and heat-stable peptide that is produced and

 Figure

4. CK induces the binding of CREB and CBP to the CRE in the human SGLT1 promoter and maintains the active chromatin
configuration of this promoter. (A) The differentiated Caco-2 cells were transfected with the indicated SGLT1 promoter luciferase reporters
in the presence or absence of 0.1 M CK for 24 h. The cell lysates were then analyzed for luciferase activity. (B) A schematic diagram of the
nucleotide sequence of the human SGLT1 promoter region from –140 to –20 with the CRE, Sp1, and HNF-1 motif bracketed. (C) The SGLT1
(–500/+22)-luciferase reporter with a mutated CRE sequence was transfected into Caco-2 cells that were incubated with or without 0.1 M
CK for 24 h. The cell lysates were then analyzed for luciferase activity. (D) The differentiated Caco-2 cells were incubated with 0.1 M CK
for 24 h, and the ChIP assays were performed to assess the binding of CREB to the SGLT1 promoter. Total extract (input) was used as a
loading control, and immunoprecipitation with irrelevant antibody (anti-IgG) was used as a negative control. A schematic diagram of the
SGLT1 genomic region illustrating the CRE and negative control region is shown below. (E) The relative level of CREB bound specifically to
SGLT1 promoter in (D) was quantitated. (F and G) The ChIP assays were performed as described to assess the binding of CBP, Sp-1, HNF-1,
AcH3, AcH4, dimethyl-H3K4, dimethyl-H3K9 to SGLT1 promoter. The PCR products were quantitated by densitometry and presented. The
results shown represent the mean ± SD (n = 3; *p < 0.05, **p < 0.01, and ***p < 0.001).
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Figure 5. CK induces SGLT1 gene expression through activation of CREB. (A) Mice were given 20 mg/kg CK orally by gavage and euthanized
after 30 h of administration. Jejunum mucosal extracts were prepared and the protein levels of CREB and p-CREB were assessed by Western
blot. (B) The protein levels of p-CREB/CREB in (A) were quantitated, the results shown represent the mean ± SD (n = 6; ***p < 0.001).
(C) Caco-2 cells were incubated with or without 0.1 M CK for the indicated time periods, and the protein levels of p-CREB, CREB, and SGLT1
were assessed by Western blot. (D) The p-CREB/CREB level in (C) were quantitated, the results shown represent the mean ± SD (n = 3;
*p < 0.05 and **p < 0.01). (E) Caco-2 cells were infected with the indicated shRNA. Caco-2 cells were incubated with or without 0.1 M CK
for 24 h, the protein levels of SGLT1 and CREB were examined by Western blot, and (F) glucose uptake assay was performed as described.
The results shown represent the mean ± SD (n = 3; ***p < 0.001).

secreted from all cells in the gastrointestinal tract, especially
in response to injury, suggesting its potential role as a mucosal healing factor [44]. EGF acts by binding to EGFRs,
which, in turn, activates the receptors’ tyrosine kinase activity,
and consequently promotes an intracellular signal transduction cascade that results in the modulation of multiple cellular
processes [44]. Our finding is consistent with those observed
in murine NIH3T3 fibroblast cells, in which the activated
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EGFR signaling conferred an induction of CREB phosphorylation [45]. Despite that the primary molecular target for
CK remaining unknown, there are potential mechanisms for
the CK-mediated EGFR activation in intestinal cells. It has
been suggested that some ginsenosides display estrogen-like
activity by activating estrogen receptor, which resulted in an
increase in the activation of EGFR via G-protein-mediated
liberation of heparin-binding EGF [46–48]. CK has also been
www.mnf-journal.com
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Figure 6. EGFR signaling is essential for CK-mediated CREB phosphorylation and SGLT1 gene expression. Differentiated human Caco-2
cells were incubated with or without 0.1 M CK for the indicated time periods. (A) The p-EGFR and EGFR protein levels were assessed by
Western blot. (B) The p-EGFR/EGFR levels in (A) were quantitated. The differentiated Caco-2 cells were incubated with 0.1 M CK alone,
PD153035 alone, or CK plus 10 M PD153035 for 48 h. (C) The p-CREB, CREB, and (E) SGLT1 protein levels were assessed by Western
blot. (D and F) The p-CREB/CREB and SGLT1 protein levels in (C) and (E) were quantitated, respectively. (G) The SGLT1 mRNA level was
measured by qPCR. The results shown represent the mean ± SD (n = 3; **p < 0.01 and ***p < 0.001 between control and CK-treated
Caco-2 cells; # p < 0.05 and ## p < 0.01, between PD153035-treated and CK-treated cells only).
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shown to increase the intracellular cAMP and calcium levels in human intestinal NCI-H716 cell, which resulted in the
protein kinase A- and protein kinase C dependent EGFR activation [49–51]. Additionally, recent study demonstrated that
CK increased intracellular ATP/ADP level in MIN6 pancreatic ␤-cells, which may cause an induction of Src-dependent
EGFR activation [52, 53]. Furthermore, ginsenosides are amphipathic compounds that have been shown to disrupt lipid
rafts in plasma membrane and subsequently activate the
EGFR [47, 54–56].
Lowering of blood glucose level is one of the most studied
pharmacological effects of ginseng. In fact, many studies
indicate the hypoglycemic effect of ginseng preparations in
cells and animal studies [13, 14]. Despite that CK stimulates
SGLT1-mediated intestinal glucose uptake, it does not necessarily contradict with the hypoglycemic activity of ginseng.
SGLT1 is primarily expressed in IECs and responsible for
nutrient uptake [2], not for regulation of whole body glucose
homeostasis. The liver is the major organ responsible
for the maintenance of normal blood glucose level by
coordinating glucose metabolism [57]. The hepatic gluconeogenesis is essential for the maintenance of normal blood
glucose level and is tightly regulated by the opposing actions
of insulin and glucagon [57]. In addition, a major cellular
mechanism that lowers plasma glucose is insulin-stimulated
transport of blood glucose into peripheral tissues through the
GLUT4, which is mainly expressed in skeletal muscle and adipose cells [58]. Previous studies indicated that CK may exert
the hypoglycemic effect through increasing the rate of glucose uptake in adipocytes and myocytes [10,14]. Furthermore,
in high-fat diet/streptozotocin-induced diabetic mice, CK
was found to improve insulin resistance through inhibition
of hepatic gluconeogenesis via downregulation of phosphoenolpyruvate carboxykinase and glucose-6-phosphatase
expression [13]. Thus, although CK stimulates intestinal
glucose uptake, it is able to lower of blood glucose through
inhibition of hepatic gluconeogenesis and induction of
GLUT4-mediated glucose uptake in adipocytes and myocytes.
Natural products provide an important resource in searching of new drugs to prevent intestinal inflammatory disorders
and new therapeutic approaches [16–18]. Although ginseng
is being used to suppress intestinal inflammation, the regulatory mechanism of ginseng-mediated induction of SGLT1
gene expression is still unknown. In this study, we present
evidence to show that CK-induced CREB activation, which, in
turn, resulted in reinforced SGLT1 expression, consequently
enhances the SGLT1-mediated nutritive and non-nutritive
functions in IECs. Because SGLT1 plays such a crucial role
in glucose uptake in the human intestine, our findings provide novel insights into the potential therapeutic relevance of
CK in intestinal inflammatory disorders and intestinal glucose malabsorption.
CWW designed and performed the animal studies and analyzed the results. CWW, SCS, YHK, MWH, and SFH participated in Western blot analysis, qPCR, and glucose uptake

C 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2015, 59, 670–684

studies. CWW, SCS, and FNC carried out the experiments involving kinetic studies, reporter plasmids construction, and luciferase assays. CWW and FNC carried out the ChIP assays.
YCH, HCL, and WLC contributed in critical discussion of the
results and manuscript. TCC conceived of and designed the research and interpreted the results. CWW and TCC prepared and
wrote the manuscript. All authors approved the final manuscript.
This work was supported by grants from the National Science
Council of Taiwan, ROC (grant number NSC-100-2320-B-016007, NSC-101-2320-B-016-010-MY2, and MOST 103-2320-B016-005 to T-CC) and the Ministry of National Defense of
Taiwan, ROC (grant number MAB-102-9, MAB-103-M019, and
MAB-104-027 to T-CC). We are also grateful to Nuliv Science
Co., Taipei, Taiwan, for support of this work.
The authors have declared no conflict of interest.

5

References

[1] Wood, I. S., Trayhurn, P., Glucose transporters (GLUT and
SGLT): expanded families of sugar transport proteins. Br. J.
Nutr. 2003, 89, 3–9.
[2] Drozdowski, L. A., Thomson, A. B., Intestinal sugar transport.
World J. Gastroenterol. 2006, 12, 1657–1670.
[3] Wright, E. M., Loo, D. D., Panayotova-Heiermann, M., Lostao,
M. P. et al., ’Active’ sugar transport in eukaryotes. J. Exp. Biol.
1994, 196, 197–212.
[4] Mart Wright, E. M., I. Glucose galactose malabsorption. Am.
J. Physiol. 1998, 275, G879–G882.
[5] Kekuda, R., Saha, P., Sundaram, U., Role of Sp1 and HNF1
transcription factors in SGLT1 regulation during chronic intestinal inflammation. Am. J. Physiol. Gastrointest. Liver
Physiol. 2008, 294, G1354–G1361.
[6] Amador, P., Marca, M. C., Garcia-Herrera, J., Lostao, M. P.
et al., Lipopolysaccharide induces inhibition of galactose intestinal transport in rabbits in vitro. Cell Physiol. Biochem.
2008, 22, 715–724.
[7] Palazzo, M., Gariboldi, S., Zanobbio, L., Selleri, S. et al.,
Sodium-dependent glucose transporter-1 as a novel immunological player in the intestinal mucosa. J. Immunol.
2008, 181, 3126–3136.
[8] Yu, L. C., Turner, J. R., Buret, A. G., LPS/CD14 activation
triggers SGLT-1-mediated glucose uptake and cell rescue in
intestinal epithelial cells via early apoptotic signals upstream
of caspase-3. Exp. Cell Res. 2006, 312, 3276–3286.
[9] Chang, T. C., Huang, S. F., Yang, T. C., Chan, F. N. et al., Effect
of ginsenosides on glucose uptake in human Caco-2 cells
is mediated through altered Na+/glucose cotransporter 1
expression. J. Agric. Food Chem. 2007, 55, 1993–1998.
[10] Huang, Y. C., Lin, C. Y., Huang, S. F., Lin, H. C. et al., Effect
and mechanism of ginsenosides CK and Rg1 on stimulation
of glucose uptake in 3T3-L1 adipocytes. J. Agric. Food Chem.
2010, 58, 6039–6047.
[11] Cho, H. M., Kang, Y. H., Yoo, H., Yoon, S. Y. et al.,
Panax red ginseng extract regulates energy expenditures by

www.mnf-journal.com

Mol. Nutr. Food Res. 2015, 59, 670–684

modulating PKA dependent lipid mobilization in adipose tissue. Biochem. Biophys. Res. Commun. 2014, 447, 644–648.
[12] Francis, G., Kerem, Z., Makkar, H. P., Becker, K., The biological
action of saponins in animal systems: a review. Br. J. Nutr.
2002, 88, 587–605.
[13] Li, W., Zhang, M., Gu, J., Meng, Z. J. et al., Hypoglycemic effect of protopanaxadiol-type ginsenosides and compound K
on Type 2 diabetes mice induced by high-fat diet combining
with streptozotocin via suppression of hepatic gluconeogenesis. Fitoterapia 2012, 83, 192–198.
[14] Jiang, S., Ren, D., Li, J., Yuan, G. et al., Effects of compound
K on hyperglycemia and insulin resistance in rats with type
2 diabetes mellitus. Fitoterapia 2014, 95, 58–64.
[15] Kim do, Y., Yuan, H. D., Chung, I. K., Chung, S. H., Compound
K, intestinal metabolite of ginsenoside, attenuates hepatic
lipid accumulation via AMPK activation in human hepatoma
cells. J. Agric. Food Chem. 2009, 57, 1532–1537.
[16] Zou, Y., Tao, T., Tian, Y., Zhu, J. et al., Ginsenoside Rg1 improves survival in a murine model of polymicrobial sepsis
by suppressing the inflammatory response and apoptosis of
lymphocytes. J. Surg. Res. 2013, 183, 760–766.
[17] Joh, E. H., Lee, I. A., Jung, I. H., Kim, D. H., Ginsenoside Rb1
and its metabolite compound K inhibit IRAK-1 activation—
the key step of inflammation. Biochem. Pharmacol. 2011, 82,
278–286.
[18] Li, J., Zhong, W., Wang, W., Hu, S. et al., Ginsenoside
metabolite compound K promotes recovery of dextran sulfate sodium-induced colitis and inhibits inflammatory responses by suppressing NF-kappaB activation. PLoS One
2014, 9, e87810.
[19] Martin, M. G., Wang, J., Solorzano-Vargas, R. S., Lam, J. T.
et al., Regulation of the human Na(+)-glucose cotransporter
gene, SGLT1, by HNF-1 and Sp1. Am. J. Physiol. Gastrointest.
Liver Physiol. 2000, 278, G591–G603.
[20] Alzaid, F., Cheung, H. M., Preedy, V. R., Sharp, P. A., Regulation of glucose transporter expression in human intestinal
Caco-2 cells following exposure to an anthocyanin-rich berry
extract. PLoS One 2013, 8, e78932.
[21] Matosin-Matekalo, M., Mesonero, J. E., Delezay, O., Poiree,
J. C. et al., Thyroid hormone regulation of the Na+/glucose
cotransporter SGLT1 in Caco-2 cells. Biochem. J. 1998, 334(Pt
3), 633–640.
[22] Loflin, P., Lever, J. E., HuR binds a cyclic nucleotidedependent, stabilizing domain in the 3’ untranslated region
of Na(+)/glucose cotransporter (SGLT1) mRNA. FEBS Lett.
2001, 509, 267–271.
[23] Weihua, Z., Tsan, R., Huang, W. C., Wu, Q. et al., Survival of
cancer cells is maintained by EGFR independent of its kinase
activity. Cancer Cell 2008, 13, 385–393.
[24] Lee, H. U., Bae, E. A., Han, M. J., Kim, N. J. et al., Hepatoprotective effect of ginsenoside Rb1 and compound K on
tert-butyl hydroperoxide-induced liver injury. Liver Int. 2005,
25, 1069–1073.
[25] Peral, M. J., Galvez, M., Soria, M. L., Ilundain, A. A., Developmental decrease in rat small intestinal creatine uptake.
Mech. Ageing Dev. 2005, 126, 523–530.


C 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

683
[26] Hung, M. W., Tsai, L. C., Lin, Y. L., Chen, Y. H. et al., Differential
regulation of placental and germ cell alkaline phosphatases
by glucocorticoid and sodium butyrate in human gastric carcinoma cell line TMK-1. Arch. Biochem. Biophys. 2001, 388,
45–54.
[27] Huang, Y. C., Chang, W. L., Huang, S. F., Lin, C. Y. et al.,
Pachymic acid stimulates glucose uptake through enhanced
GLUT4 expression and translocation. Eur. J. Pharmacol.
2010, 648, 39–49.
[28] Mehta, D. I., Horvath, K., Chanasongcram, S., Hill, I. D. et al.,
Epidermal growth factor up-regulates sodium-glucose cotransport in enterocyte models in the presence of cholera
toxin. J. Parenter Enteral Nutr. 1997, 21, 185–191.
[29] Binder, H. J., Ptak, T., Jejunal absorption of water and electrolytes in inflammatory bowel disease. J. Lab. Clin. Med.
1970, 76, 915–924.
[30] Archampong, E. Q., Harris, J., Clark, C. G., The absorption
and secretion of water and electrolytes across the healthy
and the diseased human colonic mucosa measured in vitro.
Gut 1972, 13, 880–886.
[31] Roulis, M., Armaka, M., Manoloukos, M., Apostolaki, M.
et al., Intestinal epithelial cells as producers but not targets
of chronic TNF suffice to cause murine Crohn-like pathology.
Proc. Natl. Acad. Sci. USA 2011, 108, 5396–5401.
[32] Qiu, W., Wu, B., Wang, X., Buchanan, M. E. et al., PUMAmediated intestinal epithelial apoptosis contributes to
ulcerative colitis in humans and mice. J. Clin. Invest. 2011,
121, 1722–1732.
[33] Kim, K. A., Jung, I. H., Park, S. H., Ahn, Y. T. et al., Comparative
analysis of the gut microbiota in people with different levels
of ginsenoside Rb1 degradation to compound K. PLoS One
2013, 8, e62409.
[34] Swartz, T. D., Duca, F. A., deWouters, T., Sakar, Y. et al., Upregulation of intestinal type 1 taste receptor 3 and sodium
glucose luminal transporter-1 expression and increased sucrose intake in mice lacking gut microbiota. Br. J. Nutr. 2012,
107, 621–630.
[35] Hufeldt, M. R., Nielsen, D. S., Vogensen, F. K., Midtvedt, T.
et al., Variation in the gut microbiota of laboratory mice is
related to both genetic and environmental factors. Comp.
Med. 2010, 60, 336–347.
[36] Altarejos, J. Y., Montminy, M., CREB and the CRTC coactivators: sensors for hormonal and metabolic signals. Nat.
Rev. Mol. Cell Biol. 2011, 12, 141–151.
[37] Lee, Y. J., Kim, M. O., Ryu, J. M., Han, H. J., Regulation of SGLT expression and localization through Epac/PKAdependent caveolin-1 and F-actin activation in renal proximal tubule cells. Biochim. Biophys. Acta 2012, 1823,
971–982.
[38] Jin, N., Qian, W., Yin, X., Zhang, L. et al., CREB regulates the expression of neuronal glucose transporter 3: a
possible mechanism related to impaired brain glucose uptake in Alzheimer’s disease. Nucleic Acids Res. 2013, 41,
3240–3256.
[39] Koch, C. M., Andrews, R. M., Flicek, P., Dillon, S. C. et al., The
landscape of histone modifications across 1% of the human

www.mnf-journal.com

684

C.-W. Wang et al.

Mol. Nutr. Food Res. 2015, 59, 670–684

genome in five human cell lines. Genome Res. 2007, 17,
691–707.

like peptide-1 secretion in NCI-H716 cells via bile acid receptor activation. Arch. Pharm. Res. 2014, 37, 1193–1200.

[40] Sadoni, N., Langer, S., Fauth, C., Bernardi, G. et al., Nuclear
organization of mammalian genomes. Polar chromosome
territories build up functionally distinct higher order compartments. J. Cell Biol. 1999, 146, 1211–1226.

[50] Piiper, A., Lutz, M. P., Cramer, H., Elez, R. et al., Protein kinase
A mediates cAMP-induced tyrosine phosphorylation of the
epidermal growth factor receptor. Biochem. Biophys. Res.
Commun. 2003, 301, 848–854.

[41] Vandel, L., Trouche, D., Physical association between the histone acetyl transferase CBP and a histone methyl transferase. EMBO Rep. 2001, 2, 21–26.

[51] Stewart, J. R., O’Brian, C. A., Protein kinase C-{alpha} mediates epidermal growth factor receptor transactivation in
human prostate cancer cells. Mol. Cancer Ther. 2005, 4, 726–
732.

[42] Rosenfeld, J. A., Wang, Z., Schones, D. E., Zhao, K. et al., Determination of enriched histone modifications in non-genic
portions of the human genome. BMC Genomics 2009, 10,
143.
[43] Mayr, B., Montminy, M., Transcriptional regulation by the
phosphorylation-dependent factor CREB. Nat. Rev. Mol. Cell
Biol. 2001, 2, 599–609.

[52] Gu, J., Li, W., Xiao, D., Wei, S. et al., Compound K, a final intestinal metabolite of ginsenosides, enhances insulin
secretion in MIN6 pancreatic beta-cells by upregulation of
GLUT2. Fitoterapia 2013, 87, 84–88.

[44] Citri, A., Yarden, Y., EGF-ERBB signalling: towards the systems level. Nat. Rev. Mol. Cell Biol. 2006, 7, 505–516.

[53] Weigand, K. M., Swarts, H. G., Fedosova, N. U., Russel, F.
G. et al., Na,K-ATPase activity modulates Src activation: a
role for ATP/ADP ratio. Biochim. Biophys. Acta 2012, 1818,
1269–1273.

[45] Recktenwald, C. V., Leisz, S., Steven, A., Mimura, K. et al.,
HER-2/neu-mediated down-regulation of biglycan associated with altered growth properties. J. Biol. Chem. 2012,
287, 24320–24329.

[54] Park, B., Lee, Y. M., Kim, J. S., Her, Y. et al., Neutral sphingomyelinase 2 modulates cytotoxic effects of protopanaxadiol on different human cancer cells. BMC Complement.
Altern. Med. 2013, 13, 194.

[46] Lee, Y. J., Jin, Y. R., Lim, W. C., Park, W. K. et al., GinsenosideRb1 acts as a weak phytoestrogen in MCF-7 human breast
cancer cells. Arch. Pharm. Res. 2003, 26, 58–63.

[55] Park, E. K., Lee, E. J., Lee, S. H., Koo, K. H. et al., Induction of
apoptosis by the ginsenoside Rh2 by internalization of lipid
rafts and caveolae and inactivation of Akt. Br. J. Pharmacol.
2010, 160, 1212–1223.

[47] Yue, P. Y., Mak, N. K., Cheng, Y. K., Leung, K. W. et al., Pharmacogenomics and the Yin/Yang actions of ginseng: anti-tumor,
angiomodulating and steroid-like activities of ginsenosides.
Chin. Med. 2007, 2, 6.

[56] Lambert, S., Vind-Kezunovic, D., Karvinen, S., Gniadecki, R.,
Ligand-independent activation of the EGFR by lipid raft disruption. J. Invest. Dermatol. 2006, 126, 954–962.

[48] Razandi, M., Pedram, A., Park, S. T., Levin, E. R., Proximal
events in signaling by plasma membrane estrogen receptors. J. Biol. Chem. 2003, 278, 2701–2712.

[57] He, L., Sabet, A., Djedjos, S., Miller, R. et al., Metformin and
insulin suppress hepatic gluconeogenesis through phosphorylation of CREB binding protein. Cell 2009, 137, 635–646.

[49] Kim, K., Park, M., Lee, Y. M., Rhyu, M. R. et al.,
Ginsenoside metabolite compound K stimulates glucagon-

[58] Huang, S., Czech, M. P., The GLUT4 glucose transporter. Cell
Metab. 2007, 5, 237–252.


C 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com

