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Abstract
A high concentration of glucose has been implicated as a causal factor in initiation and progression of diabetic complications
and there is evidence to suggest that hyperglycemia increases the production of free radicals and oxidative stress. Therefore,
compounds that scavenge reactive oxygen species (ROS) may confer regulatory effects on high glucose-induced apoptosis.
Ursolic acid (UA), a pentacyclic triterpene, is reported to have an antioxidant activity. We investigated the effect of UA on high
glucose-induced apoptosis in U937 cells. Upon exposure to 35 mM glucose for two days, there was a distinct difference
between untreated cells and cells pre-treated with 50 nM UA for 2 h in regard to cellular redox status and oxidative DNA
damage to cells. UA pre-treated cells showed significant suppression of apoptotic features such as DNA fragmentation,
damage to mitochondrial function and modulation of apoptotic marker proteins upon exposure to high glucose. This study
indicates that UA may play an important role in regulating the apoptosis induced by high glucose presumably through
scavenging of ROS.
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Introduction

Autoxidation of sugars and of the products of

nonenzymatic glycation of proteins is a free radical-

mediated reaction that occurs under aerobic con-

ditions. It has been suggested that oxidative stress

induced by hyperglycemia is a key factor in the

pathogenesis of diabetic complications [1–5]. The

glycation proceeds through the formation of a Schiff

base between the carbonyl group of sugar and an a-

or 1-amino group in a protein together with Amadori

rearrangement to yield a relatively stable ketoamine

[6,7]. Such a reaction has been expected to occur in

various kinds of proteins under physiological

conditions. Recently, it has been proposed that

generation of reactive oxygen species (ROS) and

accumulation of advanced glycation end products

(AGE) trigger apoptosis in renal cells in diabetic

hyperglycemia [8,9].

There has been an increased interest in herbal and

natural products which protect diabetic compli-

cations. Ursolic acid (UA), a pentacyclic triterpene

acid, has been isolated from many kinds of medicinal

plants, such as Eriobotrya japonica, Rosmarinns

officinalis, Melaleuca leucadendron, Ocimum sanctum

and Glechoma hederaceae. UA has been reported

to produce antitumor activities and antioxidant

activity [10].

In the present report, we demonstrate that UA

exhibits the regulatory role in U937 cells against

apoptosis induced by a high concentration of glucose.

These results suggest that UA has an important

protective role in hyperglycemia-induced apoptosis,

presumably, through acting as an antioxidant.
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Materials and methods

Materials

D-Glucose, UA, propidium iodide (PI), 40,6-diami-

dino-2-phenylindole (DAPI), diphenylamine and

xylenol orange were purchased from Sigma Chemical

Company (St Louis, MO). 20,70-dichlorofluorescin

diacetate (DCFH-DA), dihydrorhodamine (DHR)

123 and rhodamine 123 dye were purchased from

Molecular Probes (Eugene, OR). Electrophoreses

reagents and Bio-Rad protein assay kit were purchased

from Bio-Rad (Hercules, CA). Antibodies were

purchased from Santa Cruz (Santa Cruz, CA).

Cell culture

Human permonocytic U937 cells (American Type

Culture Collection, Rockville, MD) were grown in

RPMI 1640 culture medium supplemented with 10%

(v/v) FBS and penicillin (50 U/ml) and streptomycin

(50mg/ml) at 378C in a 5% CO2–95% air humidified

incubator.

Immunoblot analysis

Proteins were separated on 10% SDS-polyacrylamide

gel, transferred to nitrocellulose membranes and

subsequently subjected to immunoblot analysis using

appropriate antibodies. Immunoreactive antigen was

then recognized by using horseradish peroxidase-

labeled anti-rabbit IgG and an enhanced chemilumi-

nescence detection kit (Amersham Pharmacia Biotech).

DAPI staining

DAPI staining was used for apoptotic nuclei determi-

nation. U937 cells were collected at 2000g for 5 min,

washed once with cold PBS, fixed in ice-cold

methanol/acetic acid (1:1, v/v) for 5 min and stained

with 0.8 mg/ml DAPI in the dark state. The

morphological changes of apoptotic cells were

analyzed by the Zeiss Axiovert 200 microscope at

fluorescence DAPI region (excitation, 351 nm; emis-

sion, 380 nm).

DNA fragmentation

DNA ladder formation assay was performed by an

agarose gel electrophoresis. DNA fragmentation was

also determined using the diphenylamine assay as

previously described [11]. Cells were collected by

centrifugation, resuspended in 250ml 10 mM Tris and

1 mM EDTA, pH 8.0 (TE buffer) and incubated with

one additional volume of lysis buffer (5 mM Tris,

20 mM EDTA and 0.5% Triton X-100, pH 8.0) for

30 min at 48C. After lysis, the intact chromatin (pellet)

was separated from DNA fragments (supernatant) by

centrifugation for 15 min at 13,000g. Pellets were

resuspended in 500ml TE buffer and samples were

precipitated by adding 500ml 10% trichloroacetic acid

at 48C. Samples were pelleted at 4000g for 10 min and

the supernatant was removed. After addition of 300ml

5% trichloroacetic acid, samples were boiled for

15 min. DNA content was quantitated using the

diphenylamine reagent. The percentage of fragmented

DNA was calculated as the ratio of the DNA content

in the supernatant to the amount in the pellet.

FACS

To determine the portion of apoptotic cells, cells were

analyzed with propidium iodide (PI) staining [12].

U937 cells were collected at 2000g for 5 min and

washed once with cold PBS, fixed in 70% ethanol,

decant ethanol by centrifuge and stained with 1 ml of

solution containing 50 mg/ml PI, 1 mg/ml RNase A,

1.5% Triton X-100 for at least 1 h in the dark at 48C.

Labeled nuclei were subjected to flow cytometric

analysis and then gated on light scatter to remove

debris and the percentage of nuclei with a sub-G1

content was considered apoptotic cells.

Intracellular ROS

Hydrogen peroxide oxidizes ferrous (Fe2þ ) to ferric

ion (Fe3þ ) selectively in dilute acid and the resulting

ferric ions can be determined using a ferric sensitive

dye, xylenol orange, as an indirect measure of

hydrogen peroxide concentration. The cell extracts

were added to FOX solution (0.1 mM xylenol orange,

0.25 mM ammonium ferrous sulfate, 100 mM sorbitol

and 25 mM H2SO4) and incubated in a room

temperature for 30 min and absorbance was measured

at 560 nm. Hydrogen peroxide was used to draw

standard curve as described [13]. Intracellular

peroxide production was measured using DCFH-DA

as described [14].

Oxidative DNA damage

8-Hydroxy-20-deoxyguanosine (8-OH-dG) levels of

U937 cells were estimated by using a fluorescent

binding assay as described by Struthers et al. [15].

After U937 cells were exposed to high glucose, cells

were fixed and permeabilized with ice-cold methanol

for 15 min. DNA damage was visualized with avidin-

conjugated TRITC (1:200 dilution) for fluorescent

microscope with 540 nm excitation and 588 nm

emission.

Mitochondrial damage

Mitochondrial membrane potential transition (MPT)

was measured by the incorporation of rhodamine 123

dye into the mitochondria, as previously described

[16]. Cells (1 £ 106) grown on poly-L-lysine coated

slide glasses were exposed to high glucose. Cells were

then treated with 5mM rhodamine 123 for 15 min and
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excited at 488 nm with an argon laser. Cells were

double-stained with 100 nM MitoTracker Red, which

is a morphological marker of mitochondria. The

fluorescence images at 520 nm were simultaneously

obtained with a laser confocal scanning microscope.

To evaluate the levels of mitochondrial ROS, U937

cells in PBS were incubated for 20 min at 378C with

5mM DHR 123 and cells were double-stained with

100 nM MitoTracker Red. DHR 123 and Mito-

Tracker Red fluorescence was visualized with a

fluorescence microscope.

Quantitation of relative fluorescence

The averages of fluorescence intensity from fluor-

escence images were calculated as described [17].

Replicates

Unless otherwise indicated, each result described in

the paper is representative of at least three separate

experiments.

Results

The effects of high glucose and UA on the cellular

markers of apoptosis were studied to determine

whether these would correlate with changes in the

apoptotic pathways. When U937 cells were treated

with 35 mM glucose for two days, shrinkage of the cell

and plasma membrane blebbing was apparently

observed by light microscopy (data not shown). To

assess whether these changes were attributable to

apoptotic changes, nuclear morphology was assessed

by fluorescence microscopy using DAPI. As shown in

Figure 1(A), nuclear condensation and fragmentation

were apparent in U937 cells exposed to high glucose.

However, cells pre-treated with 50 nM UA for 2 h

were significantly more resistant than untreated cells

to high glucose-induced apoptosis. UA by itself did

not induced apoptosis at this concentration.

Figure 1(B) shows a typical cell cycle plot of U937

cells that were unexposed or exposed to 35 mM

glucose for two days. Apoptotic cells were estimated

by calculating the number of subdiploid cells in the

Figure 1. Effects of UA on high glucose-induced DNA fragmentation in U937 cells. (A) High glucose-induced nuclear condensation and

fragmentation in U937 cells. UA (50 nM, 2 h)-pretreated and untreated U937 cells were exposed to 35 mM glucose for two days and then

harvested, fixed, permeabilized and loaded with 0.8mg/ml DAPI for 5 min. The morphological changes of cells were analyzed by fluorescence

microscopy (excitation, 351 nm; emission, 380 nm). (B) Cell cycle analysis with cellular DNA content was examined by flow cytometry. The

sub-G1 region (presented as “M1”) includes cells undergoing apoptosis. The number of each panel refers to the percentage of apoptotic cells.

(C) Agarose gel electrophoresis of nuclear DNA fragments of U937 cells exposed to 35 mM glucose for two days, showing the ladder pattern

characteristic of apoptosis. (D) DNA fragmentation was determined using diphenylamine assay. The results shown are the means ^ SD of

three separate experiments.

C. J. Oh et al.640

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



cell cycle histogram. When cells were exposed to

glucose, apoptotic cells were increased markedly in

untreated cells as compared to UA-treated cells.

High glucose-triggered apoptosis in U937 cells was

determined by the measurement of DNA fragmenta-

tion using agarose gel electrophoresis (Figure 1(C)).

DNA fragmentation was further confirmed by the

diphenylamine assay (Figure 1(D)). The DNA

fragmentation was significantly reduced in UA-treated

cells compared to untreated cells upon exposure to

35 mM glucose for two days.

To investigate whether the difference in apoptotic

cell death of U937 cells upon exposure to high glucose

is associated with ROS formation, the levels of

intracellular peroxides in the U937 cells were

evaluated by confocal microscopy with the oxidant-

sensitive probe DCFH-DA. As shown in Figure 2(A),

an increase in DCF fluorescence was observed in

U937 cells when they were exposed to 35 mM glucose

for two days. The increase in fluorescence was

significantly reduced in cells pre-treated with 50 nM

UA for 2 h. We also demonstrated the level of

intracellular H2O2 in cells irradiated in the presence

and absence of UA. The pre-treatment of UA resulted

in a significantly lower intracellular level of H2O2 as

compared to that of untreated cells with the exposure

of 35 mM glucose for two days (Figure 2(B)). These

data strengthen the conclusion that UA provided

protection from the high glucose-induced apoptosis by

decreasing the steady-state level of intracellular

oxidants. 8-OH-dG, the most abundant and most

studied lesion in DNA generated by intracellular

ROS, has been used as an indicator of oxidative DNA

damage in vivo and in vitro [18]. Recently, it has been

shown that 8-OH-dG level is specifically measured

by a fluorescent binding assay using avidin-conjugated

TRITC [15]. The fluorescent intensity which reflects

the endogenous levels of 8-OH-dG in DNA was

significantly increased in cells upon exposure to high

glucose. In contrast, the overall DNA appeared to be

markedly protected in UA-treated cells even after

exposure to the same dose of glucose (Figure 2(C)).

These results indicate that UA appears to protect

cells from oxidative DNA damage caused by high

glucose.

Alterations in mitochondrial integrity and function

may play an important role in the apoptotic cascade.

MPT, associated with the opening of large pores in the

mitochondrial membranes, is a very important event

in apoptosis and ROS is one of the major stimuli that

change MPT [19]. To answer whether UA modulates

the MPT upon exposure to high glucose, we

determined the change in MPT by intensity of

fluorescence emitting from a lipophilic cation dye,

rhodamine 123. Significantly less rhodamine 123 dye

was taken up by the mitochondria of untreated cells,

compared with UA-treated cells (Figure 3(A) and

(B)). To determine if changes in MPT were

accompanied by changes in intracellular ROS, The

levels of intracellular peroxides in the mitochondria of

U937 cells were evaluated by confocal microscopy

with the oxidant-sensitive probe DHR 123. As shown

in Figure 3(C), the intensity of fluorescence was

significantly lower in cells pre-treated with 50 nM UA

for 2 h when compared to that in the mitochondria of

untreated cells when U937 cells were exposed to

35 mM glucose for two days. These results indicate

that high glucose most likely leads to increased

mitochondrial injury while UA protects mitochondria

from oxidative damage.

Figure 2. (A) Measurement of in vivo molecular oxidation. DCF fluorescence was measured in U937 cells exposed to high glucose.

Fluorescence was recorded at an excitation wavelength of 504 nm and an emission wavelength of 524 nm. The average of fluorescence

intensity was calculated as described [17]. The results shown are the means ^ SD of five separate experiments. (B) Production of hydrogen

peroxide in U937 cells exposed to high glucose was determined by the method described under Materials and Methods. The results shown are

the means ^ SD of five separate experiments. (C) 8-OH-dG levels reflected by the binding of avidin-TRITC were visualized by a fluorescence

microscope with 488 nm excitation and 580 nm emission. The average of fluorescence intensity was calculated as described [17]. The results

shown are the means ^ SD of three separate experiments.
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We evaluated changes in the apoptotic marker

proteins as a result of high glucose and the influence of

UA on these proteins. Caspase-3 and caspase-8

activation in U937 cells was assessed by immunoblot

analysis of lysates from cells that had been exposed to

35 mM glucose for two days, with and without UA

(Figure 4). High glucose induced cleavage of caspase-

3 and caspase-8, however, the cleavage was signifi-

cantly reduced by UA. High glucose also induced the

formation of fragments which represents proteolytic

cleavage of PARP and lamin B, indicates an oncoming

apoptotic process. The cleaved products of PARP and

lamin B increased markedly in untreated cells

compared to UA pre-treated cells upon exposure to

high glucose (Figure 4). Taken together, high glucose-

induced cleavage of procaspase-3 into the active form

of caspase-3 and caspase-3 induces degradation of

PARP or lamin B. The results also indicate that UA

exhibits a protective effect on the high glucose-

induced apoptosis. We determined the changes in

levels of the p53 tumor suppressor protein, which

leads either to cell cycle arrest and repair or to

apoptosis. The results in Figure 4 compare the

changes in p53 in U937 cells induced by high glucose

with and without UA. Levels of p53 increased as a

result of high glucose treatment and UA inhibited the

high glucose-induced change in p53 levels. Activation

of JNK has been implicated in inducing apoptosis in

response to environmental stimuli. As shown in

Figure 4, the activation of JNK induced by high

glucose was significantly inhibited by UA. In contrast,

the activation of ERK 1/2, which have been known to

be involved in cell survival, significantly enhanced by

UA. We determined the effect of UA on high glucose-

induced nuclear translocation of p65 to demonstrate

that anti-apoptotic effect of UA may be mediated

in part through the suppression of the NF-kB

activation pathway. High glucose induced the

translocation of p65 and UA suppressed it. Because

IkBa degradation is required for activation of NF-kB,

we determined whether inhibition of high glucose-

induced NF-kB activation by UA was because of

Figure 3. (A) MPT of U937 cells was measured by the incorporation of rhodamine 123 dye into the mitochondria. The average of

fluorescence intensity was calculated as described [17]. The results shown are the means ^ SD of three separate experiments. (B) FACS

analysis of rhodamine 123 fluorescence. (C) DHR 123 was employed to detect mitochondrial ROS. DHR 123 fluorescence was visualized by a

fluorescence microscope. The average of fluorescence intensity was calculated as described [17]. The results shown are the means ^ SD of

three separate experiments.

Figure 4. Immunoblot analysis of various apoptosis-related

proteins in U937 cells unexposed or exposed to 35 mM glucose

for two days. Cell extracts were subjected to 10–12.5% SDS-PAGE

and immunoblotted with antibodies against cleaved caspase-3,

cleaved caspase-8, cleaved PARP, p53, phospho-ERK, ERK,

phospho-JNK, JNK, p65 and IkBa. b-Actin was run as an

internal control.
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inhibition of IkBa degradation. We found that high

glucose-induced IkBa degradation in untreated cells,

but in UA-pretreated cells high glucose had no

significant effect on IkBa degradation.

Discussion

Both AGE accumulation and oxidative stress involved

in the pathogenesis of diabetic complications such as

nephropathy, retinopathy and neuropathy [1,20].

Prevention of synthesis and tissue accumulation of

AGE- or oxidative-derived end products could

constitute a major advance in the treatment of diabetic

complications. Our observations are consistent with

the hypothesis that ROS play a pivotal role in

apoptosis and that reductants can block or delay this

process [21]. In the present study, we examined the

apoptotic pathway initiated by high glucose in U937

cells. The perturbation of redox status reflected by the

modulation of intracellular ROS generation, MPT

alteration, caspase-3 activation, cleavage of caspase

target proteins and DNA fragmentation were

observed. The pre-treatment of UA significantly

improved redox status and inhibited the whole

apoptotic pathway. Several mechanisms may interplay

in the protective effect of UA. The present results

indicate that antioxidant effects of UA may be

responsible for its anti-apoptotic effect against high

glucose.

Mitochondria are vulnerable to oxidants because

they are the major source of free radicals in the cells

and are limited in their ability to cope with oxidative

stress [22]. Therefore, improving the mitochondrial

status could cause a significant decrease in the level of

oxidants in the cells [23]. The involvement of

mitochondria in apoptosis has been extensively

discussed [24]. The changes caused by high glucose

are compatible with mitochondrial failure, encom-

passing generation of ROS and accumulation of

rhodamine 123 which reflect mitochondrial swelling

or changes in the mitochondrial inner membrane. A

clear suppression of such damages indicates that UA

prevents a deterioration of bioenergetic state.

Cleavage of caspase-3 and its target proteins such as

PARP and lamin B, a signature event of apoptosis, was

induced by high glucose. Wild-type p53 tumor

suppressor protein has been shown to be functionally

necessary for growth inhibition and apoptosis follow-

ing exposure to oxidative stress [25]. Levels of p53

were increased in U937 cells after exposure to high

glucose. The presence of UA inhibited the high

glucose-induced increase in p53 levels. NF-kB is a

family of Rel domain-containing proteins present in

the cytoplasm of all cells. Under resting conditions,

NF-kB consists of a heterodimer of p50, p65 and

IkBain the cytoplasm; only when activated and

translocated in the nucleus in the sequence of events

leading to activation initiated [26]. The translocation

of p65 and degradation of IkBa induced by high

glucose were inhibited by UA. It has been known that

NF-kB is activated by ROS and various cellular

stresses related to ROS generation, such as inflam-

mation, ionizing radiation, heat shock and presumably

hyperglycemia. In this regard, it can be assumed that

antioxidant capacity of UA may responsible for the

suppression of NF-kB activation. It has recently been

reported that UA alone induces ERK 1/2 phosphoryl-

ation in RAW 264.7 mouse macrophages and NF-kB

activation in mouse resting macrophages. However,

our results show that UA suppresses NF-kB activation

in U937 cells under exposure to high glucose. There is

mounting evidence that human monocytic U937 cells

are highly susceptible to many types of stresses. They

also have variety of functions against external stress

[27]. This apparent difference in the cellular response

to oxidative stress and antioxidants including UA

presumably depend on cell types. It remains to be

studied and thus determined the factors attributed

difference in the cell-specific responses.

In conclusion, the present study demonstrates that

UA abrogates the high glucose-induced early pro-

duction of ROS, leading to protection against

apoptotic cell death.
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