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Rhein reverses the diabetic phenotype of mesangial
cells over-expressing the glucose transporter
(GLUT1) by inhibiting the hexosamine pathway

J-M Zheng, J-M Zhu, L-S Li and Z-H Liu

Research Institute of Nephrology, Jingling Hospital, Nanjing University School of Medicine, Nanjing, PR China

Background and purpose: Rhein, an anthraquinone compound isolated from rhubarb, has been proved effective in treatment
of experimental diabetic nephropathy (DN). To explore the mechanism of its therapeutic effect on DN, rhein was tested for its
effect on the hexosamine pathway.
Experimental approach: The influence of rhein on cellular hypertrophy, fibronectin synthesis, glucose uptake, glutamine:
fructose 6-phosphate aminotransferase (GFAT) activity, UDP-N-acetylglucosamine (UDP-GlcNAc) level and TGF-b1 and p21
expression was evaluated in MCGT1 cells, a GLUT1 transgenic rat mesangial cell line. GFAT activity in normal rat mesangial
cells in high glucose concentrations and in vitro was also measured.
Key results: Significantly increased fibronectin synthesis, cellular hypertrophy, much higher GFAT activity and UDP-GlcNAc
level and increased TGF-b1 and p21 expression were found in MCGT1 cells cultured in normal glucose concentration. Rhein
treatment decreased all these features of MCGT1 cells but did not exert a direct effect on GFAT enzymatic activity.
Conclusions and implications: There was over-activity of the hexosamine pathway in MCGT1 cells, which may explain the
higher expression of TGF-b1 and p21, the cellular hypertrophy and the increased expression of extracellular matrix (ECM)
components in the cells. By inhibiting the increased activity the hexosamine pathway, rhein decreased TGF-b1 and p21
expression and thus contributed to the decreased cellular hypertrophy and ECM synthesis. Inhibition of the hexosamine
pathway may be one of the mechanism through which rhein exerts its therapeutic role in diabetic nephropathy.
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Introduction

As a major complication of diabetes, diabetic nephropathy

(DN) has been a major cause of end-stage renal disease

(Locatelli et al., 2003) and hyperglycaemia is a major risk

factor for the development of DN (Molitch, 1997; Phillips

and Molitch, 2002). Hyperglycaemia causes abnormalities in

blood flow and increased vascular permeability, overproduc-

tion and deposition of extracellular matrix (ECM). It can also

induce a sustained growth inhibition of mesangial cells and

subsequent cellular hypertrophy, along with a decreased

production of trophic factors for endothelial cells. These

changes lead to renal mesangial matrix expansion, glomerular

hypertrophy, loss of renal cells, glomerulosclerosis and

other pathological changes in the kidney (Ayo et al., 1991;

Wolf et al., 1992; Wardle, 1994; Wahab et al., 1996; van Det

et al., 1996; Browniee, 2001). Four major molecular mechanisms

have been implicated in the hyperglycaemia-induced da-

mage which are as follows: increased flux through the polyol

pathway, increased formation of advanced glycation end

products, activation of PKC isoforms and increased activity

of the hexosamine pathway. Among them, the hexosamine

pathway is believed to be a sensor of nutrients and an

increased activity of the hexosamine pathway is a key factor

involved in the metabolic disturbances of diabetes (Marshall

et al., 1991; Hebert et al., 1996; McClain and Crook, 1996;

Hawkins et al., 1997; Patti et al., 1999; Tang et al., 2000; Obici

et al., 2002).

In our previous work, rhein (4,5-dihydroxyanthraquinone-

2-carboxylic acid), an anthraquinone compound isolated

from rhubarb, a traditional Chinese medicinal plant, has

been proved effective in treatment of DN in model animals

(Jia et al., 2007). One of our findings was that rhein atten-

uated hyperglycaemia and hyperlipidaemia accompanied by
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increased insulin sensitivity. However, the mechanism of

these effects of rhein remained unclear. Considering the

importance of the hexosamine pathway in the metabolic

disorders under diabetic conditions, we have postulated that

rhein might influence the flux through the hexosamine

pathway and thus exert its therapeutic effect in DN.

The transgenic mesangial cell line, MCGT1, overexpresses

the glucose transporter 1 (GLUT1), compared with the

control MCLacZ cells, another rat mesangial cell line

transduced by bacterial b-galactosidase gene, LacZ. Because

of the overexpression of GLUT1, glucose uptake in MCGT1

cells is markedly increased and MCGT1 cells display a

diabetic mesangial phenotype, with increased synthesis of

ECM components and cellular hypertrophy, even when

cultured in normal glucose concentrations (Heilig et al.,

1995).

In the present study, MCGT1 cells were used as a model to

mimic the mesangial cells under diabetic conditions. The

influence of rhein on ECM synthesis, cellular hypertrophy

and activity of the hexosamine pathway in MCGT1 cells

was investigated. We also examined whether rhein could

influence transforming growth factor-b1 (TGF-b1) and p21

synthesis.

Methods

Cell culture

Glucose transporter 1 transgenic mesangial cell line,

MCGT1, and bacterial b-galactosidase transgenic mesangial

cell line, MCLacZ, were kindly provided by Dr Heilig

(University of Rochester Medical Center, USA) (Heilig et al.,

1995). Except where indicated, MCGT1 and MCLacZ cell

lines were seeded into a 24-well plate at a density of 6�104

cells per well or into a six-well plate at a density of 2.5�105

cells per well and grown in RPMI-1640 medium containing

8 mM glucose, 20% newborn calf serum. A glucose concen-

tration of 8 mM was considered as normal. Lower concentra-

tions of glucose were not used because these mesangial cells

show deficient growth when maintained in the physiological

concentration of 5 mM (Heilig et al., 1995).

Normal rat mesangial cells were obtained from 4-week-old

male Sprague–Dawley rats as described (Kreisberg and

Karnovsky, 1983; Liu et al., 1996). The cells were cultured

in RPMI-1640 supplemented with 20% fetal calf serum,

100 U ml�1 penicillin and 100 mg ml�1 streptomycin. Cells

were used between passages 12 and 16.

Analysis of cell size, RNA/DNA and protein/DNA ratio by flow

cytometry

Cells were seeded into six-well plates (2.5�105 cells per

well). When it was 80% confluent, the cells were serum-

starved in RPMI-1640 medium containing 0.5% BSA for 12 h.

Then, the cells were detached from the plates with trypsin,

washed with phosphate-buffered saline (PBS) containing

0.5% BSA and dispersed to obtain a single-cell suspension.

Relative cell size for 5000 cells in each sample was

determined by quantification of forward light scattering

using a COULTER EPICS XL flow cytometer (Beckman,

Miami, FL, USA) directly. To measure the RNA/DNA ratio,

8�105 mesangial cells were washed in 10 mM HEPES buffer

containing 0.88% NaCl, 0.1% sodium azide and 4% fetal

bovine serum twice, re-suspended in 1 ml of phosphate-

citrate buffer (pH 6.0) containing 0.15 mM NaCl, 5 mM

sodium EDTA, 0.5% BSA and 0.02% saponin and incubated

in dark for 30 min. Then, 7-amino-actinomycin D was added

to the cells (to a final concentration of 25.5 mg ml�1) and

incubated for another 30 min to dye the cellular DNA. The

cells were washed and re-suspended in phosphate-citrate

buffer again. After incubation in an ice bath for 10 min,

0.5 mM pyronine Y (PY) was added to the cell to dye the

cellular RNA. Ten minutes later, the cells were washed and

subjected to flow cytometry assay. The cellular fluorescence

emission caused by 7-amino-actinomycin D dyeing and PY

dyeing was measured by flow cytometry respectively. The

ratio of the mean PY fluorescence intensity to the mean

7-amino-actinomycin D fluorescence intensity represented

the RNA/DNA ratio. To measure the protein/DNA ratio,

mesangial cells were fixed in 70% ice-cold ethanol, and

re-suspended in 1 ml dyeing solution containing 50 mg ml�1

RNase, 15 mg ml�1 propidium iodide (PI) and 0.05 mg ml�1

fluorescein isothiocyanate (FITC) and incubated in dark for

1 h. Both the cellular PI fluorescence and FITC fluorescence

were measured and the ratio of the mean FITC fluorescence

intensity to the mean PI fluorescence intensity represented

the protein/DNA ratio.

Measurement of fibronectin protein by flow cytometry

Mesangial cells were seeded into six-well plates (2.5�105

cells per well). When they were 80% confluent, the cells were

harvested. About 8�106 cells were collected and fixed in 1%

paraformaldehyde solution for 15 min. After being washed

with PBS, the cells were treated by 0.1% saponin to increase

the permeability of plasma membrane. Then, the cells were

incubated for 45 min at 4 1C with rabbit anti-mouse

fibronectin multiclonal antibody (1:100). After washing,

the cells were incubated with 20 ml of 1:100 diluted FITC-

conjugated swine anti-rabbit for another 45 min. Then the

cells were washed again and subjected to flow cytometry.

The mean fluorescence index was used to represent the

quantity of fibronectin.

Measurement of fibronectin and TGF-b1 mRNA levels

Mesangial cells were seeded (2.5�105 cells per well) into

six-well plates. When they were 80% confluent, the cells

were collected, and the total RNA was extracted with Trizol

reagent. A total of 2mg of the RNA was reversely transcribed

with a Reverse Transcription System kit using random primer

in a total volume of 20 ml according to the manufacturer’s

protocol. Real-time PCR was performed to measure the

mRNA levels of fibronectin, TGF-b1 and b-actin for each

sample in separate wells in duplicate on an ABI Prism 7000

Sequence Detection System (Applied Biosystems, Foster City,

CA, USA) using 1ml of cDNA, 250 nM primers and SYBR

Green PCR Master Mix. For both b-actin and fibronectin, the

parameters included a single cycle of 95 1C for 10 min

followed by 40 cycles of 95 1C for 15 s, and 61 1C for 1 min.
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For TGF-b1, the parameters were a single cycle of 95 1C for

10 min followed by 40 cycles of 95 1C for 20 s, and 63 1C for

1 min. The primers used were as follows: fibronectin sense,

50-GCAGCCCACAGTGGAGTATGT-30; and fibronectin anti-

sense, 50-TTCTTTCATTGGTCCGGTCTT-30; b-actin sense, 50-

AACGGAGCTCAGTAACAGTC-30; and b-actin antisense, 50-

ATCCGTAAAGACCTCTATGC-30; TGF-b1 sense, 50-AGTGGA

TCCACGAGCCCAA-30; and TGF-b1 antisense, 50-AGGAGCG

CACGATCATGTT-30. Specificity of the PCR products was

established by melting curve analysis and by running the

products on a 1.5% agarose gel to verify the size. The mRNA

levels of fibronectin and TGF-b1 were related to that of b-actin.

DCt was determined by subtracting the mean Ct (threshold

cycle) value derived from b-actin from the fibronectin or

TGF-b1 Ct. DDCt was obtained by subtracting the mean DCt

of the control MCLacZ cells from the DCt of each sample.

Relative expression was then calculated using the equation

RL¼2�DDCt. Here, RL represents the relative level of fibronectin

mRNA or TGF-b1 mRNA.

Measurement of glucose uptake

Mesangial cells were seeded into 24-well plates as above.

When they were 80% confluent, medium was replaced by

HEPES solution (20 mM HEPES, 140 mM NaCl, 1 mM CaCl2,

5 mM KCl, 2.5 mM MgSO4, 0.1% BSA, pH 7.4) and incubated

for 30 min. Then, the solution was removed and 0.5 ml of

fresh HEPES solution containing 8 mM glucose and

1 mCi ml�1 3H-labelled 2-deoxy-D-glucose was added to the

cells. After another incubation at 37 1C for 20 min, the cells

were washed three times with HEPES solution, lysed with 1 N

NaOH and neutralized with hydrochloric acid. Then, the

radioactivity of each sample was measured by using liquid

scintillation counter (Beckman, Miami, FL, USA).

Assay of GFAT activity

Activity of glutamine:fructose 6-phosphate aminotransferase

(GFAT) was measured using a colorimetric method (Ye et al.,

2004). Briefly, mesangial cells were seeded (2.5�105 cells per

well) into six-well plates as above. When they were 80%

confluent, the cells of each well were washed twice with ice-

cold PBS and scraped with 250 ml of GFAT buffer (50 mM Tris,

5 mM EDTA, 5 mM glutathione, 5 mM glucose-6-phosphate

Na2 and 50 mM KCl; pH 7.8). Then, the cells were sonicated,

centrifuged and the supernatant was collected. In a typical

assay, the reaction began after the supernatant (100 ml per

well) was added to a 96-well plate that already contained

100 ml per well of reaction buffer (8 mM fructose-6-phos-

phate, 6 mM glutamine, 3 mM acetylpyridine adenine dinu-

cleotide, 50 mM KCl, 100 mM KH2PO4 and 6 U glutamate

dehydrogenase; pH 7.8). The plate was shaken at 37 1C for

90 min. Then the changes in absorbance at 370 nm were

measured. The glutamate formed in the reaction was

calculated according to the change of absorbance in the

sample and the standard curve of glutamate. In the mean

while, the total protein of the supernatant was quantified by

Coomassie brilliant blue-based Bradford method. A unit of

enzyme activity was defined as 1 nmol glutamate formed per

mg protein per min at 37 1C.

Measurement of UDP-N-acetylglucosamine

UDP-N-acetylglucosamine (UDP-GlcNAc) was determined by

capillary electrophoresis method (Tang et al., 2000). Briefly,

mesangial cells were cultured in six-well plates as above.

When they were 80% confluent, the cells were collected and

washed three times with cold PBS. A total of 100 ml of 60%

acetonitrile solution containing 0.5% Triton X-100 was

added to 5�105 cells. Then the sample was homogenized

at 4 1C, and centrifuged at 12 000 g for 10 min. The super-

natant was used for capillary electrophoresis assay, whereas

the commercially available UDP-GlcNAc was used as control.

Measurement of TGF-b1

Mesangial cells were lysed in 1 mM phenylmethylsulphonyl

fluoride, 1% NP-40, 1 mM sodium orthovanadate, 10 mM

sodium fluoride, 5mg ml�1 leupeptin, 5mg ml�1 pepstatin A,

5 mg ml�1 aprotinin and 40 mM Tris-HCl, pH 7.4. The total

protein concentration of each sample was measured by

Coomassie brilliant blue-based Bradford method. After

treatment with 0.1 N HCl for 10 min, the samples were

neutralized with 0.1 N NaOH and then assayed for TGF-b1

level using a commercially available ELISA kit according to

the manufacturer’s protocol (Yu et al., 2004; Huang et al.,

2006). The total protein concentration was used to normal-

ize the TGF-b1 level.

Western blot analysis

At the end of the treatment period, cells were washed and

collected in a cell and tissue protein extraction reagent. The

protein was extracted according to the manufacturer’s

protocol. Samples were then boiled for 5 min, loaded on to

an SDS/10% polyacrylamide gel, electrophoresed and trans-

ferred on to a polyvinylidenefluoride membrane. The

membranes were blocked with 5% (w v�1) milk in PBST

(PBS containing 0.05% Tween) and blotted with rabbit

anti-p21 polyclonal antibody (1:1000) or monoclonal anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) anti-

body in the blocking solution. After extensive washing, the

membranes were blotted with secondary antibody. The

signal was visualized by enhanced chemiluminescence.

Statistical analysis

All values are means±s.e.mean. Statistical significance

between groups was analysed by one-way ANOVA followed

by the Student–Newman–Keuls multiple comparisons tests.

A P-value of o0.05 was considered significant.

Materials

Pyronine Y, 7-amino-actinomycin D, PI, FITC, UDP-GlcNAc,

acetylpyridine adenine dinucleotide, saponin, glutamate

dehydrogenase and BSA were from Sigma-Aldrich (St Louis,

Missouri, USA). RPMI-1640 medium, newborn calf serum,

Trizol and anti-mouse fibronectin multiclonal antibody were

from Gibco (Carlsbad, CA, USA). FITC-conjugated swine

anti-rabbit IgG was from DAKO (Glostrup, Denmark).

Reverse Transcription System kit was from Promega
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Corporation (Madison, WI, USA). SYBR Green PCR Master

Mix was from Applied Biosystems (Foster City, CA, USA). 3H-

labelled 2-deoxy-D-glucose was from Amersham Biosciences

(Uppsala, Sweden). TGF-b1 ELISA kit was from R&D Systems

(Minneapolis, Minnesota, USA). Rabbit anti-p21 polyclonal

antibody was from Abcam (Cambridge, Massachusetts, USA).

Cell & Tissue Protein Extraction Reagent, monoclonal

anti-GAPDH antibody and chemiluminescence detection

kit were from Kangchen Bio-Tech (Shanghai, China). Rhein

(purity 498%, identified by high-performance liquid

chromatography analysis) was provided by China Pharma-

cology University (Nanjing, Jiangsu Province, China).

Results

Rhein inhibited hypertrophy of MCGT1 cells

Three variables, cell size, cellular protein/DNA and RNA/

DNA ratios, were measured to evaluate cellular hypertrophy.

As shown in Figure 1, MCGT1 cells have a much larger cell

size (Po0.01), higher protein/DNA (Po0.01) and RNA/DNA

ratio (Po0.01) compared with the control MCLacZ cells,

indicating that significant cellular hypertrophy indeed exists

in MCGT1 cells cultured in normal glucose concentration.

However, rhein treatment inhibited the cellular hypertrophy

of MCGT1 cells, as shown by a smaller cell size, lower

protein/DNA and RNA/DNA ratio in rhein-treated MCGT1

cells (Figure 2). Dose–effect experiments revealed that

25 mg ml�1 rhein was enough for a maximal effect in

inhibiting the hypertrophy of MCGT1 cells. Time course

experiments (Figure 2c) demonstrated that the hypertrophy-

inhibiting effect of rhein in MCGT1 cells was evident

starting from 24 h, and reached its maximum after 48 h of

treatment.

Rhein inhibited fibronectin synthesis in MCGT1 cells

The influence of rhein on the synthesis of fibronectin, one of

the major ECM components synthesized by mesangial cells,

was evaluated by both mRNA and protein levels. As shown in

Figures 3a and b, even in normal glucose concentration,

MCGT1 cells synthesized much more fibronectin mRNA and

protein. However, treatment with rhein at 25 or 50 mg ml�1

for 24 h significantly reduced both the fibronectin mRNA

and protein levels (Po0.01; Figures 3c and d). Dose–effect

and time course experiments demonstrated that a concen-

tration of 25 mg ml�1 and an exposure time of 2 days (48 h)

were enough for rhein to reach its maximal effect in

Figure 1 MCGT1 cells cultured in normal glucose concentration
show significant hypertrophy. Both MCLacZ and MCGT1 cells were
cultured in medium with 8 mM glucose. The cell size, RNA/DNA and
protein/RNA ratio were analysed by flow cytometric methods. The
mean intensity of forward scatter count (FSC) was used to represent
cell size (a). To measure protein/DNA ratio, cells were dyed in
solutions containing 50mg ml�1 RNase, 15mg ml�1 propidium iodide
and 0.05mg ml�1 FITC, and the relative cellular fluorescence caused
by propidium iodide and FITC represented the relative amount of
cellular protein and DNA (b). To measure RNA/DNA ratios, cellular
DNA was dyed with 25mg ml�1 of 7-amino-actinomycin whereas
cellular RNA was marked with 0.5 mM pyronine Y, and the relative
cellular fluorescence caused by the two dyes represented the relative
amount of cellular RNA and DNA (c). Each value represents the
mean±s.e.mean of six samples. *Po0.01 vs MCLacZ cells. FITC,
fluorescein isothiocyanate.

Figure 2 Rhein inhibited the hypertrophy of MCGT1 cells. MCGT1 cells were exposed to 5, 25 or 50 mg ml�1 of rhein for 3 days. On each day,
the cells were collected and the cell size (a), protein/RNA (b) and RNA/DNA (c) ratio were analysed by flow cytometric methods described in
the methods section. Each value represents the mean±s.e.mean of six samples. FCS, forward scatter counter.
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inhibiting fibronectin synthesis (Figure 3) and cellular

hypertrophy (Figure 2) in MCGT1 cells. To avoid the

potential cytotoxicity of higher concentrations and longer

times of treatment, the concentration of 25 mg ml�1 and the

treatment time of 48 h were used in the subsequent

experiments.

Rhein partly reduced glucose uptake in MCGT1 cells

To evaluate the influence of rhein on glucose transport, the

uptake of glucose in mesangial cells with or without rhein

was measured over 20 min, in media with a final concentra-

tion of 8 mM glucose. As shown in Figure 4, the uptake of

glucose in MCGT1 cells was much higher than that in

MCLacZ cells (Po0.01) and the addition of 25 mg ml�1 rhein

reduced the glucose uptake in MCGT1 cells by 20%

(Po0.05).

Rhein inhibited overactivity of the hexosamine pathway in

MCGT1 cells

The activity of the hexosamine pathway was evaluated by

measuring the activity of GFAT, the first and rate-limiting

enzyme, and the level of UDP-GlcNAc, the end product of

the pathway. The GFAT activity of MCGT1 cells was 230% of

that in MCLacZ cells. However, treatment with rhein

(25 mg ml�1) for 48 h reduced GFAT activity of MCGT1 cells

by 45% (Figure 5a). Correspondingly, UDP-GlcNAc levels in

MCGT1 cells were also much higher than those in MCLacZ

cells (Figure 5b; Po0.01). The UDP-GlcNAc level of MCGT1

cells was again significantly reduced after 48 h of treatment

with rhein (25 mg ml�1) (Figure 5b; Po0.01).

Rhein inhibited high glucose-induced GFAT activity in rat

mesangial cells

To determine whether rhein also has an effect on GFAT

activity in normal mesangial cells, normal rat mesangial cells

were cultured in high-glucose media (30 mM glucose), with

or without rhein. Subsequent in vitro analysis of the GFAT

activity revealed that exposure of normal mesangial cells to

30 mM glucose for 24 h caused a 1.5-fold increase in GFAT

activity, compared with the mesangial cells maintained in

medium with 5.5 mM glucose (control), and the presence of

rhein inhibited this increase in a dose-dependent manner

(Figure 6).

Figure 3 Rhein inhibited the synthesis of fibronectin in MCGT1 cells. Cells were cultured in medium with 8 mM glucose. The fibronectin
mRNA level was analysed by real-time PCR and the result was normalized to b-actin and was expressed as fold change compared with that of
control MCLacZ cells. The fibronectin protein level was measured by flow cytometric methods and the result shown as the value of mean
fluorescence index (MFI). A much higher level of fibronectin mRNA and protein was found in MCGT1 cells, compared with that in MCLacZ cells
(a and b). Treatment with 25 or 50mg ml�1 of rhein significantly decreased both the fibronectin mRNA and protein levels in MCGT1 cells (c and
d). Each value represents the mean±s.e.mean of six samples. *Po0.01 vs MCLacZ cells.

Figure 4 Rhein reduced glucose uptake by MCGT1 cells. Cells were
incubated in 0.5 ml of HEPES solution containing 8 mM glucose and
0.5mCi 3H-labelled 2-deoxy-D-glucose (2-DG). In the treated group,
25mg ml�1 rhein was added to the solution at the same time. After
incubation at 37 1C for 20 min, the cells were washed three times
and the radioactivity was measured by using liquid scintillation
counter. The cellular amount of 3H-labelled 2-DG represented the
amount of glucose absorbed by the cell and was expressed as d.p.m.
per 105 cells. Each value represents the mean±s.e.mean of six
samples. *Po0.01 vs MCLacZ cells. #Po0.05 vs untreated MCGT1
cells.
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Rhein had no direct effect in inhibiting GFAT enzymatic activity

To determine whether rhein influences the enzymatic

activity of GFAT directly, a range of concentrations of rhein

(5–50 mg ml�1) was added to the assay for GFAT in vitro.

Results showed that rhein had no direct effect on the

enzymic activity of GFAT (Figure 7).

Rhein decreased TGF-b1 and p21 expression

As an important growth factor, TGF-b1 plays a key role in the

development and progression of DN. In mesangial cells, it

contributes to both cellular hypertrophy and the increased

expression of ECM components (Oh et al., 1998; Zheng et al.,

2002). As a member of the cyclin-dependent kinase inhibi-

tors, p21 has an important role in cell cycle regulation and is

involved in growth arrest and hypertrophy of rat mesangial

cells in response to high glucose concentrations (Wolf,

2000). Moreover, it has been reported that TGF-b1 could

induce the expression of p21 and thus inhibit the

progression of cell cycle (Masson et al., 2005). Therefore,

the expression of TGF-b1 and p21 was measured in our

experimental system. As shown in Figure 8, the expression

level of TGF-b1 (as mRNA or protein) in MCGT1 cells was

much higher than that in MCLacZ cells. Rhein treatment

markedly decreased both TGF-b1 mRNA and protein levels.

Also, increased expression of p21 protein was found in

MCGT1 cells as compared with that in MCLacZ cells and,

similarly, rhein treatment reduced the p21 protein level

(Figure 9).

Discussion and conclusions

The glomerular change in DN is characterized by glomerular

hypertrophy and the deposition of ECM in the form of

Figure 5 Rhein decreased GFAT activity and UDP-GlcNAc level in
MCGT1 cells. GFAT activity was measured using a glutamine
dehydrogenase-based colorimetric method, which evaluates the
GFAT activity by determining the amount of glutamate, a product of
the GFAT reaction (a). Cellular UDP-N-acetylglucosamine level was
determined by capillary electrophoresis method (b). Each value
represents the mean±s.e.mean of six samples. *Po0.01 vs MCLacZ
cells. #Po0.01 vs untreated MCGT1 cells. GFAT, glutamine:fructose
6-phosphate aminotransferase; UDP-GlcNAc, UDP-N-acetylglucosamine.

Figure 6 Rhein inhibited GFAT activity induced by high glucose in
normal rat mesangial cells. Rat mesangial cells were seeded into six-
well plates in RPMI-1640 medium containing 5.5 mM glucose. When
they were 80% confluent, cells were divided into seven groups and
fresh medium containing 5.5 or 30 mM glucose with or without
rhein was added. After 24 h incubation, the cellular GFAT activity
was assayed. Each value represents the mean±s.e.mean of six
samples. *Po0.01 vs 5.5 mM glucose control group. #Po0.05 vs
30 mM glucose control group. ##Po0.01 vs 30 mM glucose control
group. GFAT, glutamine:fructose 6-phosphate aminotransferase.

Figure 7 Rhein had no direct effect on GFAT enzymatic activity.
MCLacZ cells were normally cultured as above. When the cells were
80% confluent, the cells were scraped into GFAT buffer and the
cellular supernatant, which contains GFAT, was obtained. Rhein
(5–50mg ml�1) was added directly to 100ml of GFAT containing
cellular supernatant and the GFAT activity was then measured as
described above. Each value represents the mean±s.e.mean of six
samples. GFAT, glutamine:fructose 6-phosphate aminotransferase.

Figure 8 Rhein decreased the expression of TGF-b1 in MCGT1
cells. After exposing MCGT1 cells to rhein (25 mg ml�1) for 48 h, the
total RNA or protein was extracted. The TGF-b1 mRNA level was
measured by real-time RT-PCR, the result was normalized to b-actin
and was expressed as fold change compared with that of control
MCLacZ cells (a). The TGF-b1 protein level was measured by ELISA
method and the result was also expressed as fold change compared
with that of MCLacZ cells (b). Each value represents the mean±
s.e.mean of five samples. *Po0.01 vs MCLacZ cells. #Po0.01 vs
untreated MCGT1 cells. RT-PCR, reverse transcriptase-PCR; TGF-b1,
transforming growth factor-b1.
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diffuse thickening of the peripheral basement membrane

and mesangial expansion. The progressive accumulation of

ECM in the mesangial areas and the associated encroach-

ment on neighbouring capillaries is a major cause of the

decline in glomerular function (Mauer et al., 1984). Evidence

indicates that the increased deposition of ECM is closely

associated with an altered ECM metabolism in mesangial

cells, caused by elevated glucose. Glucose enters mesangial

cells by a facilitated diffusion process. The specific integral

membrane protein, GLUT1, is responsible for the transporta-

tion of glucose into mesangial cells down a glucose

concentration gradient (Heilig et al., 1997; Inoki et al.,

1999). In conditions of hyperglycaemia, elevated ambient

glucose promotes the entry of more glucose into mesangial

cells and causes cellular metabolic change. This can also be

achieved by increasing the number of transporters that is,

overexpression of the transporter protein, in the cell.

Through transfection of mesangial cells with a GLUT1

retroviral expression vector, Heilig et al. (1995) successfully

created a mesangial cell line overexpressing GLUT1, named

MCGT1. MCGT1 cells exhibited the phenotype of diabetic

mesangial cells (including increased expression of ECM

components and cellular hypertrophy), even when grown

in normal glucose concentrations.

In the present study, MCGT1 cells were used as a model to

mimic mesangial cells in diabetic conditions. As shown in

Figure 1, MCGT1 cells cultured in medium containing 8 mM

glucose displayed significant hypertrophy. They also synthe-

sized much more fibronectin. However, treatment with rhein

(25 mg ml�1) for 24 h significantly decreased hypertrophy

and fibronectin synthesis in MCGT1 cells. To explore the

mechanism by which rhein exerts its effect, we first

investigated the influence of rhein on glucose uptake in

MCGT1 cells and found a partial reduction of glucose uptake

(by about 20%). As increased uptake of glucose is the initial

cause for the diabetic phenotype appearing in MCGT1 cells,

the reduction of glucose uptake obviously should contribute

to the phenotypic reversion of the cells. However, as rhein-

treated MCGT1 cells still absorbed five times as much

glucose as that of MCLacZ cells, other mechanisms must

also contribute to the reversion of the diabetic phenotype.

As a sensor of nutrients, the hexosamine pathway has been

found to be closely associated with the metabolic distur-

bance and cellular hypertrophy induced by high glucose

(Masson et al., 2005, 2006). To investigate whether rhein

affected the activity of this pathway, the influence of rhein

on the activity of GFAT, the first and rate-limiting enzyme of

the hexosamine pathway, and the level of UDP-GlcNAc, the

end product of the pathway, was then analysed. Both GFAT

activity and UDP-GlcNAc levels were significantly increased

in MCGT1 cells, compared with those in the control MCLacZ

cells, and both were markedly decreased after rhein treat-

ment. Interestingly, rhein also prevented the increase in

GFAT activity induced by high glucose (30 mM) in normal

mesangial cells.

The growth factor, TGF-b1, is very important in the

development and progression of DN. In mesangial cells,

TGF-b1 is involved both in the stimulation of ECM synthesis

and cellular hypertrophy caused by high glucose concentra-

tion (Oh et al., 1998; Zheng et al., 2002). Moreover, the

hexosamine pathway did mediate the TGF-b1 production

induced by high glucose in porcine mesangial cells

(Kolm-Litty et al., 1998). TGF-b1 signals via a transmembrane

serine/threonine kinase complex that phosphorylates SMAD

proteins, thus stimulating the formation of SMAD hetero-

complexes that regulate transcription of a large number of

genes including cell-cycle regulators. SMAD complexes

specifically upregulate p21 (Stull et al., 2004; Caldon et al.,

2006). As a cyclin-dependent kinase inhibitor, p21 has also

been found involved in the hypertrophy of renal mesangial

cells in response to high glucose concentration (Wolf, 2000).

As rhein can inhibit the overactivity of the hexosamine

pathway in MCGT1 cells, this could lead to decreased TGF-b
1 and p21 levels in MCGT1 cells and such effects would

contribute to the reversion of the diabetic phenotype of the

cells. We found not only that the expression of TGF-b1 and

p21 is increased in MCGT1 cells but also that these levels

were decreased by treatment with rhein. Thus, rhein

inhibited several features of the diabetic phenotype in

MCGT1 cells, apparently by inhibiting the activity of GFAT,

the rate-limiting step in the hexosamine pathway.

How could rhein influence GFAT activity? Theoretically,

rhein might influence GFAT activity in two ways: by serving

as a direct inhibitor of the enzyme and/or reducing the

cellular level of the active form of GFAT. As we found no

direct inhibition of GFAT activity in vitro, the latter mechan-

ism is more likely. It has been reported that GFAT activity can

be regulated by cAMP-dependent phosphorylation (Chang

et al., 2000). Other reports suggest that a variety of factors

can stimulate expression of GFAT in different cells (Traxinger

and Marshall, 1991; Paterson and Kudlow, 1995; Simmons

et al., 1999; Crook et al., 2000; Manzari et al., 2007).

Particularly relevant here is that both angiotensin II and

high glucose were able to stimulate GFAT expression

Figure 9 Rhein decreased p21 expression in MCGT1 cells. MCGT1
cells were exposed to rhein (25 mg ml�1) for 48 h. Cells were then
lysed and equal amounts of protein were immunoblotted with anti-
p21 and anti-GAPDH antibodies. Representative immunoblots and
quantification obtained by densitometric analysis of the bands are
shown. Results were normalized to the GAPDH signal and were
expressed as fold change compared with control. Each value
represents the mean±s.e.mean of three samples. *Po0.01 vs
MCLacZ cells. #Po0.01 vs untreated MCGT1 cells. GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
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transcriptionally (James et al., 2001). All these processes

would be potential targets for the action of rhein. Another

possible mode of action for which there is some supporting

evidence is an action on cellular membranes. Rhein can

decrease lymphocyte membrane fluidity (Beccerica et al.,

1990) and by altering membrane-associated functions, rhein

inhibited glucose uptake in Ehrlich ascites tumour cells

(Castiglione et al., 1993). Furthermore, by interaction with

mitochondrial membranes, rhein reduced mitochondrial

membrane potential and affected cellular energy metabolism

(Miccadei et al., 1993). Such interactions with cellular

membranes (perhaps mitochondrial membranes) of MCGT1

cells would allow rhein to affect signal transduction in these

cells, for example, the release of calcium and/or the level of

cAMP, and subsequently influence the expression and/or the

phosphorylation of GFAT and thus inhibit GFAT activity

in these cells. Of course, as increased uptake of glucose is

the initial cause of overactivity of the hexosamine pathway

in MCGT1 cells, the 20% decrease of glucose uptake induced

by rhein may also, in some degree, contribute to its the

inhibitory effect on GFAT activity. However, all these

suppositions need to be proved by further investigation.

In conclusion, we found that there was overactivity of

the hexosamine pathway in MCGT1 cells, which may

explain the higher expression of TGF-b1 and p21, the

cellular hypertrophy and the increased expression of ECM

components. Rhein inhibited the overactivity of the hex-

osamine pathway and thus decreased TGF-b1 and p21

expression. The decreased expression of TGF-b1 and p21

contributed to the decreased cellular hypertrophy and ECM

synthesis in MCGT1 cells. As overactivity of the hexosamine

pathway is one of the mechanisms underlying renal damage

in diabetic conditions, the effect of rhein in inhibiting the

activity of the hexosamine pathway may partially explain

the therapeutic roles of rhein in experimental DN. However,

this needs to be further substantiated in vivo.
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