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Abstract
High glucose-induced protein synthesis in the glomerular epithelial cell (GEC) is partly dependent
on reduction in phosphorylation of AMP-activated protein kinase (AMPK). We evaluated the effect
of resveratrol, a phytophenol known to stimulate AMPK, on protein synthesis. Resveratrol
completely inhibited high glucose stimulation of protein synthesis and synthesis of fibronectin, an
important matrix protein, at 3 days. Resveratrol dose-dependently increased AMPK phosphorylation
and abolished high glucose-induced reduction in its phosphorylation. We examined the effect of
resveratrol on critical steps in mRNA translation, a critical event in protein synthesis. Resveratrol
inhibited high glucose-induced changes in association of eIF4E with eIF4G, phosphorylation of
eIF4E, eEF2, eEF2 kinase and, p70S6 kinase, indicating it affects important events in both initiation
and elongation phases of mRNA translation. Upstream regulators of AMPK in high glucose-treated
GEC were explored. High glucose augmented acetylation of LKB1, the upstream kinase for AMPK,
and inhibited its activity. Resveratrol prevented acetylation of LKB1 and restored its activity in high
glucose-treated cells; this action did not appear to depend on SIRT1, a class III histone deacetylase.
Our data show that resveratrol ameliorates protein synthesis by regulating the LKB1-AMPK axis.
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1. Introduction
Polyphenols such as resveratrol and quercetin, commonly present in grapes and green tea, have
drawn attention for their health-promoting effects. Resveratrol increases longevity and
ameliorates diet-induced metabolic syndrome and diabetes [1,2]. The mechanisms underlying
effects of polyphenols are not fully known. They exert regulatory effects on a number of cell
processes including oxidative metabolism, cell cycle events, cyclooxygenase metabolism, and,
deacetylation of proteins by activation of Silent information regulator 1 (SIRT1) [1,3,4].
Although reseveratrol regulation of carbohydrate metabolism is widely studied, its potential
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effect on protein metabolism is not well understood. Among its multifarious effects on cell
metabolism, resveratrol has been reported to stimulate AMP activated protein kinase (AMPK)
activity in the liver and brain [5,6]. AMPK, an energy sensor, has extensive regulatory effects
on lipid and carbohydrate metabolism [7,8]. Recent reports show that in the kidney, AMPK
functions as an inhibitor of protein synthesis [9]. It regulates important steps in mRNA
translation, which is a rate-limiting step in gene expression culminating in protein synthesis
[9,10]. The two cardinal manifestations of renal injury in diabetes, hypertrophy and
accumulation of extracellular matrix proteins that contribute to progressive loss of kidney
function, are dependent on increase in protein synthesis [10]. Kidney hypertrophy in rodents
with type 1 diabetes is associated with reduction in AMPK activity, suggesting that AMPK
normally acts as a break on protein synthesis and that its inhibition facilitates renal growth seen
in diabetes [9]. Activation of AMPK depends on phosphorylation of alpha subunit on Thr172
by LKB1, its upstream kinase [11]. Whether resveratrol affects LKB1-AMPK axis and protein
synthesis in kidney cells is not known; it is also not known whether the deacetylation reaction
promoted by resveratrol is involved in these processes in the kidney cells. We evaluated the
effect of resveratrol on high glucose-induced protein synthesis in glomerular epithelial cells
(GEC), an important target of injury in diabetes [12]. Since fibronectin contributes to
glomerular matrix changes in diabetic kidney disease, we studied modulation of high glucose
regulation of that matrix protein. We also initiated investigation of resveratrol effect on LKB1,
as a potential mechanism by which the polyphenol regulates AMPK.

2. Materials and methods
2.1. Cell culture

Rodent glomerular epithelial cells (GEC; provided by Dr. Jeffrey Kreisberg, Department of
Surgery, University of Texas Health Science Center at San Antonio) were maintained in
DMEM containing 7 % fetal bovine serum, 5 mM glucose, 100 U/mL penicillin, 100 ug/mL
streptomycin and 2 mM glutamine as previously described [9]. GEC were incubated in DMEM
containing either a normal (5 mM) or high (30 mM) concentration of glucose for 3 days with
or without resveratrol (Sigma, St. Louis, MO, USA).

2.2. Protein synthesis
Protein synthesis experiments were performed as previously described [9]. Serum-starved cells
were labeled with 10 Ci/mL of [35S]-methionine (Met) for the final 2 hours of incubation. Cells
were washed in PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer, followed by
centrifugation at 14,000 rpm for 20 minutes at 4°C. Protein contents in cell lysates were
measured and 20ug of lysate was spotted onto the 3 MM filter paper (Whatman, Maidstone,
Kent, UK). Filters were washed three times by boiling for 1 minute in 10% trichloroacetic acid
(TCA) containing 0.1g/L methionine before determining radioactivity.

2.3. Immunoblotting
Equal amounts of cell lysate protein (15-30 ug) were separated by SDS-PAGE and transferred
to a nitrocellulose membrane [9]. Membrane was probed with primary antibody for overnight
at 4°C. All primary antibodies were from Cell Signaling (Danvers, MA, USA) except
fibronectin, actin (Sigma) and acetyled-lysine (Upstate, Lake Placid, NY, USA). After
extensive washing, the membrane was incubated with secondary antibodies linked to
horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) and
proteins were visualized by chemiluminescence using ECL reagent. For assessment of
association of eIF4E and eIF4G, cell lysate proteins (500 ug) were immunoprecipitated with
an antibody against eIF4G (Cell Signaling) and immunoblotted with eIF4E antibody (Cell
signaling).
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2.4. Immunokinase assay
AMPK activity was measured after immunoprecipitating 500 ug protein with AMPK alpha
antibody (Cell Signaling) with the SAMS peptide (Upstate), as described previously [9]. For
LKB1 activity assay, equal amounts of cell lysate protein (400 ug) were immunoprecipitated
with an antibody against LKB1 (Santa Cruz, Santa Cruz, CA, USA) and incubated at 30°C
with 240 uM LKBtide (Upstate) in reaction buffer (50 mM Tris-Cl, pH 7.5, 0.1 mM EGTA,
0.1% 2-mercaptoethanol, 0.6 mM ATP, 60 mM MgCl2) with [32P]-ATP for 20 minutes. 20 ul
of reaction mixture were spotted onto the phosphocellulose P81 paper (Upstate) and washed
with phosphoric acid. Radioactivity on the filter paper was measured [13].

2.5. Silent information regulator 1 (SIRT1) activity
SIRT1 activity was measured with a Fluor de Lys-SIRT1 Assay Kit (Biomol, Plymouth
Meeting, PA, USA). A 50 ul reaction mixture contained 25uM /fluor de Lys-SIRT1 substrate.
After 30 minutes of incubation at room temperature, reactions were stopped by adding a
developer, which generated a fluorophore. The fluorophore was excited at 360 nm and detected
on a fluorometric plate reader. Resveratrol and suramin were employed as positive and negative
controls as recommended by the manufacturer.

2.6. Statistical analysis
Data were obtained from at least 3 independent experiments and expressed as mean ± SE.
Statistical comparisons between multiple groups were performed by ANOVA and Student-
Neuman-Keuls method was applied for post-hoc analysis; p values <0.05 were considered
statistically significant.

3. Results
3.1. Resveratrol inhibits high glucose-induced protein and fibronectin synthesis

We examined if resveratrol modulated high glucose induced de novo protein synthesis. High
glucose stimulated protein synthesis by 30% at 3 days in GEC (p<0.05) (Fig. 1A); equimolar
mannitol does not affect protein synthesis in the GEC [9]. Simultaneous incubation with
resveratrol (30 uM) abrogated high glucose-induced protein synthesis; resveratrol did not affect
protein synthesis in control cells incubated with 5 mM glucose (Fig. 1A). Similar effect was
found at reseveratrol concentration of 50 uM (data not shown). In addition to its effect on
general protein synthesis, we studied whether resveratrol could inhibit high glucose-induced
changes in amount of fibronectin, an important renal extracellular matrix protein which
contributes to glomerular structural changes in diabetic nephropathy. High glucose incubation
for 3 days resulted in 1.3-fold increment in fibronectin content in GEC lysates (p<0.05);
resveratrol completely inhibited the increment induced by high glucose without affecting basal
content (Fig. 1B). Resveratrol effect on protein synthesis was not due to cell toxicity as assessed
by LDH release assay (data not shown).

3.2. Resveratrol stimulates AMPK phosphorylation
We have reported that high glucose-induced protein synthesis in the GEC is abrogated by
AMPK activation[9]. Therefore, we next examined if resveratrol effect involved changes in
AMPK phosphorylation. Resveratrol dose-dependently increased AMPK phosphorylation
nearly 2-fold, peaking at 30-50 uM at 24 hours (Fig. 2A). Stimulation of protein synthesis by
high glucose (Fig. 1A) was associated with reduction in Thr172 phosphorylation of AMPK by
70% (p<0.001) (Fig. 2B). Resveratrol prevented AMPK dephosphorylation induced by high
glucose (Fig. 2B) without affecting basal level of phosphorylation in control cells.
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3.3. Resveratrol effect on mRNA translation
Stimulation of protein synthesis and induction of GEC hypertrophy by high glucose involves
regulation of initiation and elongation phases of mRNA translation [9]. The initiation phase of
translation is controlled by several eukaryotic factors (eIFs) including the mRNA cap binding
protein eIF4E. After stimulation, eIF4E is released from its complex with its binding protein,
4E-BP1. Free eIF4E binds eIF4G to form eIF4F complex and promotes mRNA translation
[10]. High glucose increased phosphorylation of eIF4E at Ser209 (p<0.001) that was abolished
by resveratrol (p<0.01) (Fig.3A). We next examined the effect of resveratrol on the association
of eIF4E and eIF4G. High glucose promoted association between eIF4E and eIF4G by nearly
50% (p<0.01); resveratrol inhibited increased binding of eIF4E to eIF4G induced by high
glucose (p<0.01) (Fig. 3B).

During elongation phase of mRNA translation, growth and propagation of polypeptide chain
occurs. Movement of aminoacyl tRNA from the A (aminoacyl) site to the P (peptidyl) site on
the ribosome during elongation is facilitated by eukaryotic elongation factor 2 (eEF2), which
is active when dephosphorylated on Thr56 [14]. We examined if resveratrol inhibition of high
glucose-induced protein synthesis involved elongation stage of mRNA translation. High
glucose induced a reduction in phosphorylation of Thr56 on eEF2 in the GEC by 50% (p<0.01)
that was reversed by incubation with resveratrol (p<0.05) (Fig. 4A). Phosphorylation of Thr56
is under the control of eEF2 kinase, a calcium calmodulin-dependent protein kinase III [15].
Activity of eEF2 kinase is reduced upon Ser366 phosphorylation, which contributes to
reduction in content of Thr56-phosphorylated eEF2 [16]. High glucose-induced Thr56
dephosphorylation of eEF2 is associated with increase in Ser366 phosphorylation of eEF2
kinase in renal proximal tubular epithelial cells [17]. High glucose significantly augmented
Ser366 phosphorylation of eEF2 kinase (p<0.05) in the GEC that was completely inhibited by
resveratrol (p<0.05) (Fig. 4B). p70S6 kinase phosphorylates eEF2 kinase on Ser366 in non-
renal cells [16]. We examined the effect of resveratrol on high glucose-induced changes in
Thr389 phosphorylation of p70S6 kinase, which correlates with its activation. High glucose
increased Thr389 phosphorylation of p70S6 kinase by more than 2-fold (p<0.05) that was
restored to baseline by resveratrol (p<0.05) (Fig. 4C). These data show that ameliorative effect
of resveratrol on high glucose-induced protein synthesis involves regulation both initiation and
elongation phases of mRNA translation. Since Thr389 phosphorylation of p70S6 kinase is
under the direct control of mTOR [18], these data show that high glucose induced mTOR
activation is inhibited by resveratrol. Since AMPK is upstream of mTOR [9], taken together
these data suggest that site of action of resveratrol lies upstream of mTOR in GECs incubated
with high glucose.

3.4. Resveratrol effect on LKB1, the upstream kinase of AMPK
Next, we investigated events upstream of AMPK that may be regulated by resveratrol. Previous
observations had shown that changes induced in AMP and ATP contents by high glucose did
not sufficiently explain inhibition of AMPK activity in the GEC [9]. We tested the effect of
resveratrol on activity of LKB1, the upstream kinase that catalyzes activating phosphorylation
of AMPK on Thr172 [19], by performing an immunokinase assay using LKBtide as a substrate.
High glucose decreased LKB1 activity by 24% (p<0.05) that was completely reversed by
resveratrol (p<0.05) (Fig. 5A).

Resveratrol and other polyphenols are known to stimulate deacetylation of proteins [3].
Accordingly, we tested if reseveratrol affected acetylation of lysine residues in LKB1.
Immunoprecipitation with LKB1 antibody and immunoblotting with anti-acetylated lysine
antibody showed that high glucose increased acetylation of lysine on LKB1 (p<0.05);
resveratrol promoted deacetylation of LKB1 (p<0.05) (Fig. 5B). These data suggested that high
glucose-induced reduction in LKB1 activity may be due to acetylation of the latter.
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As resveratrol is known to augment the activity of SIRT1 deacetylase [3] and LKB1
deacetylation was induced by the polyphenol, we explored whether SIRT1 could be involved.
We tested the activity of SIRT1 by a fluorometric assay. High glucose did not significantly
affect the activity of SIRT1 and resveratrol did not augment Sirt1 activity in the GEC (Fig. 6).
In the cell free assay system we used resveratrol as a positive control and suramin as a negative
control; the data showed expected stimulation and inhibition, respectively, compared to
untreated control showing validity of the assay. Since LKB1 was deacetylated by exposure to
resveratrol it appears that a deacetylase other than SIRT1 is involved.

4. Discussion
Our data demonstrate that resveratrol inhibits high glucose-induced de novo protein synthesis
and increment in matrix protein fibronectin in the GEC. High glucose augments acetylation of
LKB1 and reduces its activity and phosphorylation of its downstream target, AMPK;
resveratrol reverses this effect and restores LKB1 activity along with AMPK phosphorylation.
SIRT1 does not appear to be the deacetylase involved in resveratrol regulation of LKB1.
Resveratrol inhibits high glucose-induced mTOR and p70S6 kinase activities, restoring high
glucose-induced changes in initiation and elongation stages in mRNA translation to normal.

The potential role of LKB1 in high glucose regulation of AMPK has not been studied in detail
in the kidney. Our data suggest that the ameliorative effect of resveratrol on high glucose-
induced protein and fibronectin synthesis involves activation of LKB1. Immunokinase assays
with LKBtide, a specific substrate, showed that high glucose reduced the activity of LKB1, an
effect that was associated with increase in its acetylation. Resveratrol-induced activation of
LKB1 was associated with deacetylation of the latter, thus suggesting that high glucose-
induced acetylation of LKB1 impairs its activity. Deacetylation of LKB1 by resveratrol has
also been reported in 293T cells [20]. Although LKB1 deacetylation was due to SIRT1 in 293T
cells, the identity of deacetylase involved in resveratrol regulation of LKB1 in the GEC is not
clear from our study. Activity assays of SIRT1 showed no changes with either high glucose
incubation or following addition of resveratrol to the GEC, suggesting involvement of other
deacetylases. Recently, non-requirement of SIRT1 in resveratrol-induced LKB1 activation has
also been reported in neurons [5]. Skeptical views have been expressed regarding the need for
SIRT1 activation to explain resveratrol effects [4,21]. In 293T cells, Lys98 appears to be the
site of acetylation of LKB1 that is targeted for deacetylation by resveratrol [20]. The lysine
residues involved in high glucose-induced acetylation in the GEC and the key residues that
undergo deacetylation by resveratrol need to be identified. Previously, we had reported that
changes in AMP and ATP levels did not provide an adequate explanation for high glucose
inhibition of AMPK in the GEC [9]. Similarly, changes in AMP and ATP levels could not
account for AMPK activation in neurons incubated with resveratrol [5]. AMP may not directly
regulate LKB1-induced phosphorylation of Thr172 on AMPK alpha subunit [22], suggesting
that other mechanisms may be involved in LKB1 catalytic regulation of AMPK.

High glucose-stimulated protein synthesis and hypertrophy in the GEC are partly dependent
on inhibition of AMPK activity in the GEC [9]. This was associated with stimulation of
initiation and elongation phases of mRNA translation; stimulation of AMPK activity by
metformin and AICAR restored high glucose-induced changes in initiation and elongation
events to normal as well as inhibiting high glucose-induced protein synthesis [9]. The current
study shows that resveratrol exerted similar effects in high glucose-treated GEC. Exploration
of signaling pathways suggested that high glucose inhibition of AMPK phosphorylation was
associated with activation of mTOR as shown by increase in Thr389 phosphorylation of p70S6
kinase. Stimulation of p70S6 kinase resulted in Ser366 phosphorylation of eEF2 kinase
inhibiting its activity and leading to reduction in Thr56 phosphorylation of eEF2, culminating
in stimulation of the elongation phase of translation (Fig. 7). Whether AMPK is involved in
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resveratrol regulation of eIF4E phosphorylation and formation of eIF4F complex needs to be
determined.

Recent reports have examined mechanism underlying resveratrol regulation of carbohydrate
and lipid metabolism. Resveratrol ameliorated diet-induced weight gain and insulin resistance
in rodents, and extended their life span [1,2]. In mice fed a high fat diet, resveratrol improved
insulin sensitivity and reduced the levels of IGF-1. It induced an increase in activity of hepatic
AMPK leading to reduction in hepatic steatosis [1]. Resveratrol also increased mitochondrial
number by deacetylation and activation of peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC 1α) [2]. Preliminary data from our lab show that resveratrol inhibits
renal hypertrophy in mice with type 1 diabetes without affecting elevated blood glucose levels
(data not shown). These observations are in accordance with inhibitory effect of resveratrol on
high glucose-induced increment in protein synthesis in the GEC. Resveratrol effect on the
kidney may not be limited to LKB1/AMPK axis as it is known to have regulatory effects on
diverse pathways including protein kinase C, NF-κB, mitochondrial ATP synthase and
complex III, fatty acid synthase and TNF alpha [4]. Data contained in this report suggest that
a common ingredient of grapes and green tea deserves deeper investigation as an additional
tool in the management of diabetic nephropathy.
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Fig. 1.
Resveratrol abolishes high glucose effects on protein synthesis and fibronectin expression in
glomerular epithelial cells.
A. Following 3-day exposure to 5 mM glucose (Con) or 30 mM glucose (Glc) with or without
resveratrol (Res, 30 uM), de novo protein synthesis was measured by incorporation of 35S-
methionine (Met) into TCA-precipitable protein. Composite data from 3 experiments are
shown in a graph (*p<0.05 high glucose Vs control; #p<0.05 high glucose Vs high glucose+
resveratrol, by ANOVA). B. Following 3-day incubation with 5 mM or 30 mM glucose (Glc)
with or without resveratrol (Res, 30 uM), equal amounts of cell lysate protein were separated
by SDS PAGE and immunoblotted with fibronectin and actin antibodies. A representative blot
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from 5 experiments is shown. Lower panel shows composite densitometric data from 5
experiments in a graph (*p<0.05 high glucose Vs control; #p<0.05 high glucose Vs high
glucose+ resveratrol, by ANOVA).
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Fig. 2.
Resveratrol reverses high glucose effects on AMPK phosphorylation in glomerular epithelial
cells. A. Cells were incubated with different concentrations of resveratrol (Res) for 24 hours.
Equal amounts of cell lysate protein were separated by SDS PAGE and immunoblotted with
antibody against phosphorylated Thr172 on alpha subunit of AMPK or AMPK antibody. A
representative blot from 3 experiments is shown. Lower panel shows composite densitometric
data from 3 experiments in a graph (*p<0.01, **p<0.001 for resveratrol Vs control, by
ANOVA). B. Cells were treated as described in Fig. 1, panel B. Equal amounts of cell lysate
protein were separated by SDS PAGE and immunoblotted with antibody against
phosphorylated Thr172 on alpha subunit of AMPK or AMPK antibody. A representative blot
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from 3 experiments is shown. Lower panel shows composite densitometric data from 3
experiments in a graph (*p<0.001 high glucose Vs control; #p<0.01 high glucose Vs high
glucose+ resveratrol, by ANOVA).
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Fig. 3.
Resveratrol regulates the initiation phase of mRNA translation in glomerular epithelial cells.
A. Cells were treated as described in Fig. 1, panel B, and immunoblotting was done with
antibody against phosphorylated Ser209 on eIF4E or eIF4E antibody. Representative blots
from 3 experiments are shown. Lower panel shows composite densitometric data from 3
experiments in a graph (*p<0.001 high glucose Vs control; #p<0.01 high glucose Vs high
glucose+resveratrol by ANOVA). B. Glomerular epithelial cells were incubated with 30 mM
glucose (Glc) and resveratol (Res) for 3 days and cell lysates (500 ug) were immunoprecipitated
with eIF4G antibody and immunoblotted with eIF4E antibody. The membrane was stripped
and re-probed with eIF4G antibody. A representative blots from 3 experiments are shown.

Lee et al. Page 12

Cell Signal. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lower panel shows composite densitometric data from 3 experiments in a graph (*p<0.01 high
glucose Vs control; #p<0.01 high glucose Vs high glucose+resveratrol by ANOVA).

Lee et al. Page 13

Cell Signal. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Resveratrol regulates the elongation phase of mRNA translation in glomerular epithelial cells.
A, B & C. Cells were treated as described in Fig. 1, panel B, and immunoblotting was done
with indicated antibodies. Representative blots from 3-4 experiments are shown. Lower panel
shows composite densitometric data from 3-4 experiments for each parameter in a graph
(*p<0.05, **p<0.01, high glucose Vs control; #p<0.05, high glucose Vs high glucose
+resveratrol by ANOVA).
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Fig. 5.
Resveratrol regulates LKB1 activation in glomerular epithelial cells. A. Cells were incubated
with 30 mM glucose (Glc) and resveratol (Res) for 3 days and processed for LKB1 activity
using LKBtide substrate. Composite data from 3 experiments are shown in a graph (*p<0.05
high glucose Vs control; #p<0.05 high glucose+resveratrol Vs high glucose by ANOVA). B.
Cells were treated as described in Fig. 1, panel B. Cell lysates (500 ug) were
immunoprecipitated with anti-LKB1 antibody and immunoblotted with anti-acetylated lysine
antibody. The blot was stripped and probed with an antibody against LKB1. To assess loading,
equal amounts of cell lysate protein were separated by SDS PAGE and immunoblotted with
antibody against actin. Representative blots from 4 experiments are shown.
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Fig. 6.
GEC were incubated with 30 mM glucose (Glc) and resveratol (Res) for 3 days and processed
for SIRT1 activity using SIRT1 fluorometric activity kit. Recombinant human SIRT1 was
incubated with resveratrol (100uM, Res) as positive control and suramin sodium (100uM, S),
as a negative control for SIRT1 activity in a cell-free system. Composite data from 3
experiments are shown in a graph.
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Fig. 7.
Schematic of signaling pathways involved in high glucose stimulation of protein synthesis in
the GEC and its inhibition by resveratrol.
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