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Abstract. Previous studies showed that dietary calcium 
D-glucarate (CG) inhibited benzo[a]pyrene (B[a]P)-induced 
A/J mouse lung tumorigenesis, suppressing cell proliferation 
and chronic inflammation and inducing apoptosis during late 
post-initiation stages. The present study aimed to investigate 
changes in the homeostasis of cytokines in blood serum, 
as well as alterations in biomarkers of inflammation and 
apoptosis in lung tissue caused by dietary CG during early 
post-initiation stages of B[a]P-induced lung tumorigenesis. 
Two doses of 3 mg of B[a]P were given intragastrically to 
A/J mice 2 weeks apart. CG administration in the AIN-93G 
diet (2 and 4%, w/w) commenced at 2 weeks following the 
second dose of B[a]P. The levels of interleukin (IL)-6, IL-10 
and tumor necrosis factor α (TNFα) in blood serum were 
investigated by FCAP array analysis. Two weeks after the 
second dose of B[a]P, approximately 8- and 28-fold increases 
of TNFα and IL-6, respectively, occurred in the blood serum 
and an approximately 16% decrease of IL-10 levels compared 
to the untreated control group was noted. At 4 weeks after the 
second dose of B[a]P and after 2 weeks of CG administration 
in the diet, the 2 and 4% CG diets significantly reduced the 
levels of IL-6 and TNFα (by 70 and 33%, respectively). In a 
dose-related manner, the diets also increased the level of anti-
inflammatory cytokine IL-10 compared to the B[a]P group. 
At 6 weeks after the second dose of B[a]P, the cytokine levels 
in the serum continued to show a decrease in the CG-treated 
groups. These events are accompanied by an increased level 
of cleaved caspase-9 product with a molecular weight of 

37  kDa. In conclusion, dietary D-glucarate decreases the 
level of proinflammatory cytokines, increases the level of the 
anti-inflammatory cytokine IL-10 during early post-initiation 
stages of B[a]P-induced lung tumorigenesis in A/J mice and 
affects apoptotic induction.

Introduction

Lung cancer is the most frequently diagnosed major neoplastic 
disease and the most common cause of cancer mortality in 
males and females in the United States, and worldwide (1-3). 
Cigarette smoking is the primary cause of lung cancer (1,4). 
The exact molecular alterations promoted by smoking in 
lung tissue that result in lung cancer development and impact 
survival have yet to be elucidated. Lung cancers may appear as 
non-small cell lung carcinomas (adenocarcinomas, squamous 
and large cell carcinomas), small cell carcinomas or other 
less frequent mixed types (5). In 2006, the age-standardized 
mortality rates for lung cancer in Europe were 64.8 for males 
and 15.1 for females per 100,000 individuals (European 
standard) (1). Concomitantly, the US standard age-adjusted 
mortality rates were 67.5 for males and 40.2 for females per 
100,000 persons (2). Patients with early-stage non-small cell 
lung cancer (NSCLC), who undergo curative resection, have a 
substantial risk of developing metastases (6). The identification 
of sensitive and specific biomarkers predictive of unfavorable 
prognosis may therefore have a clinically significant impact 
on NSCLC treatment strategies. Such biomarkers may also 
aid in the selection of patients for further therapy (7-16).

The lung, as a crucial and specialized organ that uptakes 
oxygen and releases carbon dioxide, is simultaneously 
vulnerable to numerous insults from inhaled toxic agents. Such 
unrelenting physical, chemical and biological insults, including 
pollutants, toxins, carcinogens and gases, render the lung 
susceptible to varying degrees of oxidative injury. Inhaled toxic 
agents stimulate the generation of reactive oxygen/nitrogen 
species (ROS/RNS), which in turn provoke inflammatory 
responses and cause the release of proinflammatory cytokines 
and chemokines. These biomolecules subsequently stimulate 
the influx of polymorphonuclear leukocytes (PMNs) and 
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monocytes into the lung, in order to combat the invading 
pathogens or toxic agents. However, persistent inhalation 
of toxic agents and other pollutants may induce chronic 
inflammation and lung injury. During constant inflammation, 
ROS/RNS generation is enhanced, resulting in recurring DNA 
damage, activation of proto-oncogenes by initiating signal 
transduction pathways and inhibition of apoptosis. Therefore, 
it is likely that during chronic inflammation constant release 
of proinflammatory cytokines and chemokines in the lung 
predisposes individuals to lung cancer (17,18).

Labilization of lysosomal enzymes is often associated 
with the general process of inflammation (19). The present 
study investigated the effect of a tobacco smoking-related 
carcinogen, benzo[a]pyrene (B[a]P), on the activity of the 
lysosomal enzyme-β-glucuronidase (βG) and its correlation 
with other biomarkers of inflammation in the lung. Moderate 
oxidative stress (20) was found to rapidly induce partial 
lysosomal rupture, followed by apoptosis and further loss of 
intact lysosomes. The release of hydrolytic enzymes from the 
lysosomal compartment to the cytosol is a crucial initiating 
event in the apoptotic process (20). Regarding inflammation, 
βG is known to be released from granulocytes, including 
neutrophils (21). It has been reported that the levels of 
proinflammatory cytokines, such as interleukin 1 (IL-1) and 
C-reactive protein, circulating markers of inflammation, 
correlated well with βG activity in the serum of patients with 
inflammatory disorders (20). Published data (22) add in vivo 
human evidence to previous animal data (23-27) that βG is a 
potential biomarker useful for monitoring pulmonary inflam-
mation caused by human exposure to coal dust, asbestos fibers, 
crystalline silica dust, diesel engine exhaust, and tobacco 
smoke. In a murine model, concomitant with the morphologic 
changes noted with the increasing duration of tobacco smoke 
exposure, the alveolar and pulmonary macrophage population 
size increased approximately 8-fold compared to the control 
values. Following smoke exposure, lung βG activities were 
increased to more than double those of the control animals. 
It is suggested that macrophage changes and elevated activity 
of lung βG reflect initial alterations that lead to permanent 
pulmonary pathology (26).

B[a]P was shown to suppress systemic immunity in experi-
mental animals, which may contribute to the growth of the 
chemically-induced tumors. However, its effects on lung immu-
nity after inhalation, a common route for human exposure in 
urban areas, has yet to be determined. Kong et al (28) examined 
intratracheal B[a]P instillation on lung natural killer (NK) cell 
activity, alveolar macrophage (AM) functions and susceptibility 
to tumor cell challenge in Fischer 344 rats. Although exposure 
to B[a]P did not alter cell recovery after lavage, histologic 
changes were observed as evidenced by granulomatous inflam-
mation and squamous metaplasia. A marked suppression of 
tumor necrosis factor α (TNFα) and IL-1 secretion in LPS-and/
or cytokine-activated alveolar macrophages occurred. IL-1 
was found to be reduced through day 100 following exposure.  
B[a]P exposure yielded the increased growth of MADB106 
metastatic tumor cells in the lung.

Our long-term aim was to investigate the potential role of 
the immune system impairment, including the role of βG and 
D-glucaric acid (GA), in the early detection and prevention of 
lung cancer. GA is a natural, apparently non-toxic compound 

produced in small amounts by mammals, including humans, 
as well as by certain plants (29). GA is an end product of the 
D-glucuronic acid pathway in mammals (29). The oxidation of 
D-glucuronic acid or its lactone results in products that hydro-
lyze spontaneously in aqueous solution to yield the potent 
βG inhibitor, D-glucaro-1,4-lactone (1,4-GL), non-inhibitory 
D-glucaro-1,4-lactone -glucaro-6,3-lactone (6,3-GL) and GA, 
all of which are excreted in urine (30). GA was identified as a 
normal constituent of urine (30) and serum (31). GA is consid-
ered to be a major serum organic acid (32).

However, significant differences in the urinary excretion 
of GA were reported (33,34) in apparently healthy individuals. 
Urinary excretion of GA increases following exposure to xeno-
biotics. Thus, it is an indirect indicator of hepatic microsomal 
enzyme induction by xenobiotic agents (35). GA excretion 
in cancer patients and tumor-bearing rats was found to be 
significantly lower than in healthy controls (36). In mice with 
experimental tumors and in cancer patients, an uninvolved 
liver exhibited a reduced GA level (29). The cancer tissue 
itself lacked the GA synthesizing system (29).

The physiological function of GA has yet to be elucidated. 
The formation of 1,4-GL, an inhibitor of βG, from one of 
the products of its hydrolytic action may be regarded as a 
negative feedback mechanism (37,38). Accumulation in the 
body of free aglycons, normally excreted as glucuronides, 
may not only be aggravated by the elevated βG activity, 
but also by the depressed synthesis of 1,4-GL. This lactone 
does not directly affect the UDP-glucuronosyltransferase 
activity (39). However, by inhibiting βG, net glucuronidation 
is enhanced. Therefore, this lactone shows potential in the 
chemoprevention of cancer (40-42). Mounting evidence 
(41,42) from short and long-term models shows potential 
control of the various stages of the carcinogenic process by 
the βG inhibitor D-glucaro-1,4-lactone and its precursors, such 
as D-glucaric acid salts (D-glucarates) and 2,5-di-O-acetyl-
D-glucaro-1,4:6,3‑dilactone (DAGDL) (43). D-glucaric acid 
and 1,4-GL are found in certain vegetables and fruits (44,45). 
Thus, the consumption of fruits and vegetables naturally rich 
in D‑glucaric acid, or self-medication with D-glucaric acid 
derivatives, offers a novel chemopreventive approach.

The present study aimed to investigate the changes in the 
homeostasis of cytokines in the blood serum, as well as the 
level of biomarkers of inflammation and apoptosis in the lung 
tissue caused by dietary calcium D-glucarate (CG) during early 
post-initiation stages of B[a]P-induced lung tumorigenesis. 
The inflammatory microenvironment is thought to play a key 
part in tumorigenesis, aided by the presence of proinflamma-
tory cytokines. Cytokines are released in response to a diverse 
range of cellular stresses, such as infection and inflammation, 
including response to carcinogens (46-49). Interleukins are 
crucial biomolecules that regulate inflammatory and immune 
responses. Interleukin 10 (IL-10) suppresses proinflamma-
tory mediators such as IL-1 and IL-6. The effects of IL-10 
are generally thought to be immunosuppressive, inhibit the 
synthesis of a variety of proinflammatory cytokines and 
down-regulate the immune response. Numerous proinflam-
matory cytokines are found in the microenvironment of 
various tumors and cytokines, such as TNFα which promote 
the transformation of pre-cancerous cells to malignant ones 
(47). Proinflammatory cytokines also affect later stages of 
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tumor progression, including angiogenesis and metastasis. 
The longer the inflammation persists, the higher the risk of 
associated carcinogenesis.

Our overall hypothesis is that D-glucarate deficiency and/
or high βG levels are markers of an increased risk for lung 
cancer, and that D-glucarate supplementation reduces the risk 
of lung cancer by suppressing target cell proliferation and 
inflammation and inducing apoptosis (41,42,50,51).

Materials and methods

Reagents and diets. B[a]P was obtained from Aldrich 
Chemical Co. (Milwaukee, WI, USA). CG and 1,4-GL were 
purchased from Sigma Chemical Co. (St. Louis, MO, USA). 
Experimental diets, based on the AIN-93G diet, containing 
70 or 140 mmol/kg diet of CG (2 and 4%, w/w) were purchased 
from Dyets Inc. (Bethleham, PA, USA) and the AIN-93G diet 
was used as the control diet.

Animal care and treatment. Female A/J mice, 5-6 weeks of 
age, were obtained from The Jackson Laboratory (Bar Harbor, 
ME, USA). The animals were housed under conditions of 
constant temperature and humidity, and were maintained on a 
12-h light/dark cycle with ad libitum access to food and water. 
The animal procedures were performed in accordance with 
the NIH Guidelines and were approved by the Institutional 
Animal Care and Use Committee of the University of Texas 
Health Science Center, San Antonio, USA. Briefly, 40 mice 
were randomly allocated into four groups (10 mice per group): 
group 1, vehicle-treated; group 2, B[a]P-treated; group 3,  
B[a]P-treated and maintained on a 2% calcium glucarate diet; 
and group 4, B[a]P-treated and maintained on a 4% calcium 
glucarate diet. The mice were treated by gavage with 3 mg B[a]P  
in cotton seed oil. Two doses of 3 mg of B[a]P were given 
intragastrically to A/J mice 2 weeks apart. CG administration 
in the AIN‑93G diet (2 and 4%, w/w) commenced at 2 weeks 
after the second dose of B[a]P. No change occurred in the 
calcium content of CG diets in comparison to the control 
AIN-93G diet. The mice were sacrificed at 2, 4, 6 and 10 weeks 
after the second dose of B[a]P. Immediately upon sacrifice by 
CO2 asphyxiation, blood was collected by cardiac puncture 
and the lungs were perfused with cold phosphate-buffered 
saline and harvested. Normal lungs from vehicle-treated mice 
and the lungs excised from carcinogen-treated mice were 
frozen in liquid nitrogen and stored at -80˚C.

Cytokine analysis. Whole blood samples, collected in sterile 
tubes, were allowed to coagulate for ~2 h at 4˚C prior to 
centrifugation. The sera were preserved at -70˚C until cytok-
ines measurement. Cytometric bead array mouse inflammation 
kit (BD Biosciences, San Diego, CA, USA) was used according 
to the manufacturer's instructions to simultaneously detect 
mouse IL-6, IL-10, interleukin 12p70 (IL-12p70), interferon-γ 
(IFN-γ) and TNFα in the serum. Briefly, dilution of the stan-
dards and mixed mouse inflammation capture beads were 
prepared according to the manufacturer's specifications. The 
reagents and test samples were transferred to the appropriate 
assay tubes. A mouse inflammation PE detection reagent was 
then added to the assay tubes which were incubated for 2 h 
at room temperature. Following incubation, 1 ml of wash 

buffer was added and the reaction mixture was centrifuged at 
200 x g for 5 min. The supernatant was discarded and 300 µl 
of wash buffer was added to resuspend the bead pellets. The 
samples were analyzed at the University of Texas Cytometric 
Core Facility, San Antonio, USA. The results were analyzed 
using the FCAP array software (BD Biosciences).

Immunohistochemistry. The tissues were prepared for histo-
logical evaluation by using conventional paraffin sections 
and H&E staining at the University of Texas Pathology 
Core Facility, San Antonio, USA. The murine lung sections 
were deparaffinized and rehydrated. Endogenous peroxidase 
activity was inhibited with 3% H2O2, followed by antigen 
retrieval. The slides were then blocked with 2.5% normal 
goat serum (Vector Laboratories, Burlingame, CA, USA). For 
the immunocytochemical localization of cleaved caspase-9 
and BrdU in the paraffin sections, the avidin-biotin complex 
technique (Vector Laboratories) with 3,3'-diamino-benzidine 
as a peroxidase substrate (Sigma) were employed, according 
to the manufacturer's instructions. Cleaved caspase-9 anti-
body detects the endogenous level of the 37 kDa subunit 
of mouse caspase-9 only after cleavage at aspartic acid 
353. Anti-cleaved caspase-9 and anti-BrdU antibodies were 
purchased from Cell Signaling (Danvers, MA, USA) and Lab 
Vision (Fremont, CA, USA), respectively. At least 10 sections 
on each slide were viewed, counted and photographed using 
an Olympus BX41 microscope.

Statistical analysis. To verify the statistical significance of the 
results, a two-tailed unpaired Student's t-test was conducted. 
The B[a]P group was compared to the control group and the 
CG groups were compared to the B[a]P group. P<0.05 was 
considered to be statistically significant. The results are 
expressed as the mean ± SD and were repeated an average of 
three times, unless otherwise stated.

Results

The present study aimed to investigate the changes in the 
homeostasis of cytokines in the blood serum caused by 
dietary CG and the diversities in other biomarkers of inflam-
mation during early post-initiation stages of B[a]P-induced 
lung tumorigenesis. The groups treated with B[a]P and fed 
CG diets were compared to the positive controls, treated only 
with B[a]P. The B[a]P group was compared to the untreated 
control group.

Interleukin 6. IL-6 is a cytokine originally known to be a 
regulator of immune and inflammatory responses. An elevated 
expression of IL‑6 was found to be present in multiple epithe-
lial tumors (48). IL-6 not only regulates cell proliferation, 
cell survival and metabolism, but may also act on signaling, 
suggesting it plays a role in tumorigenesis. IL-6 levels increased 
28-fold 2 weeks after the second dose of B[a]P in comparison 
to the negative group (Fig. 1A). Four weeks after the second 
dose of B[a]P, included in the diet of 2 and 4% CG, a decrease 
of the IL-6 level by 74.3 and 70.6%, respectively, was observed 
(Fig. 1B). Six weeks after the second dose of B[a]P was admin-
istered the IL-6 level in the serum was still lower compared to 
the B[a]P control. The 2 and 4% CG diet reduced the IL-6 level 
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by 41.4 and 49.5%, respectively (Fig. 1C). As shown in Fig. 1D, 
10 weeks after the second dose of B[a]P the 2 and 4% CG 
diets reduced the IL-6 level by 37.4 and 76.3%, respectively, 
compared to the B[a]P group (Fig. 1D).

Tumor necrosis factor α. The pathways linking inflammation 
and promotion of tumor growth are not well characterized, 
but it is well known that TNFα is a significant mediator of 
inflammation. Despite the apoptotic induction of pathological 
cells at the site of inflammation, TNFα stimulates the growth 
of fibroblasts. However, 2 weeks after the second dose of 
B[a]P, the TNFα level increased by ~8-fold, compared to the 
untreated control group (Fig. 2A). Four weeks after the last 

dose of B[a]P and following CG administration in the diet for 2 
weeks, both 2 and 4% CG reduced the TNFα level by 42.4 and 
33.8%, respectively (Fig. 2B). Six weeks following the second 
dose of B[a]P, the TNFα level in the serum was reduced in 
the CG-treated groups. The 2% CG diet decreased the TNFα 
level by 16.2% and the 4% CG diet by 28.8%, in comparison to 
the B[a]P group (Fig. 2C). Ten weeks after the second dose 
of B[a]P, the 4% CG diet reduced the TNFα level by 11.3% 
compared to the B[a]P group. Almost no changes occurred in 
the TNFα level in the case of the 2% CG diet (Fig. 2D).

Interleukin 12p70. The level of IL-12p70 was evaluated. As 
shown in Fig. 3A, the IL-12p70 level was 34.5% higher in the 
B[a]P group compared to the negative control, 2 weeks after 

Figure 1. Dietary D-glucarate effect on the serum level of interleukin (IL)-6 
during the early post-initiation stages of benzo[a]pyrene (B[a]P)-induced 
lung tumorigenesis in A/J mice. The expression of proinflamatory IL-6 was 
significantly elevated in the B[a]P group at 2 weeks after the second dose of 
B[a]P. The decrease of IL-6 is also statistically significant in the remaining 
calcium D-glucarate (CG) CG groups. Statistical analysis was performed 
using the Student's t-test. Values are the means ± SD. The B[a]P group was 
compared to the control group and the CG groups were compared to the 
B[a]P group.

  A

  B

  C

  D

Figure 2. Dietary D-glucarate effect on the serum level of tumor necrosis 
factor α (TNFα) during early post-initiation stages of benzo[a]pyrene 
(B[a]P)-induced lung tumorigenesis in A/J mice. Student's t-test was used 
to compare the difference between the groups. Values are the means ± 
SD. The B[a]P group was compared to the control group and the calcium 
D-glucarate groups were compared to the B[a]P group. P<0.05 was consid-
ered to be statistically significant.

  A

  B

  C

  D
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the second dose of B[a]P. Four weeks after the second dose 
of B[a]P, an increase of the IL-12p70 level of 111.49% in the 
2% CG diet and one of 97.9% in the 4% CG diet was noted in 
mice fed with 2 and 4% CG (Fig. 3B). Six weeks following the 
last dose of B[a]P, a decrease of the IL-12p70 level of 10.7 and 
21.4% for the 2 and 4% CG diets, respectively, was observed in 
the serum (Fig. 3C). The IL-12p70 level was reduced 10 weeks 
after the last treatment with B[a]P by 23.2 and 21.1%, respec-
tively, for the 2 and 4% CG diets (Fig. 3D).

Interleukin-10. In contrast various proinflammatory cytokines, 
IL-10 indicates potent antitumor activities. IL-10 is synthetized 
in monocytes and lymphocytes and is regarded as a key anti-
inflammatory immune-regulating cytokine. A 16.6% decrease 

of the IL‑10 level in the serum was observed 2 weeks after the 
second dose of B[a]P compared to the untreated control group 
(Fig. 4A). Four weeks after the second dose of B[a]P and CG 
administration in the diet, the 2 and 4% CG diets increased the 
level of anti-inflammatory cytokine IL-10, in a dose-related 
manner, by ~3-fold compared to the B[a]P group. The IL-10 
level was elevated by 249.4 and 288.5% for the 2 and 4% CG 
in the diet, respectively (Fig. 4B). However, six weeks after 
the second dose of B[a]P, the IL-10 level decreased by 51.5 
and 42.1% in the cases of the 2 and 4% CG diets, respectively 
(Fig.  4C). Notably, the IL-10 level was below detection at 
10 weeks after the second dose of B[a]P.

Interferon-γ. IL-12 was investigated to elucidate its correlation 
with IFN-γ, a cytokine that exhibits immunologic functions. 
Fig. 5A shows that the IFN-γ level increased by 58.4% 2 
weeks after the last dose of B[a]P. CG administration in the 
diet 4 weeks after B[a]P treatment caused an increase of the 
IFN-γ level by 12.5 and 54% in the cases of the 2 and 4% CG 
diets, respectively (Fig. 5B). However, the same CG concentra-
tion 6 weeks after B[a]P treatment decreased the IFN-γ level 

Figure 3. Dietary D-glucarate effect on the serum level of interleukin 
(IL)-12p70 during the early post-initiation stages of benzo[a]pyrene (B[a]P)- 
induced lung tumorigenesis in A/J mice. Two and 10 weeks after the second 
dose of B[a]P, statistically significant differences were observed between the 
calcium D-glucarate (CG) groups and the positive B[a]P group. Statistical 
analysis was performed using the Student's t-test. Values are the means ± SD. 
The B[a]P group was compared to the control group and the CG groups were 
compared to the B[a]P group.
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Figure 4. Dietary D-glucarate effect on the serum level of interleukin 
(IL)-10 during the early post-initiation stages of benzo[a]pyrene (B[a]P)- 
induced lung tumorigenesis in A/J mice. The level of IL-10 was significantly 
elevated in the calcium D-glucarate (CG) groups at 4 weeks after the second 
dose of B[a]P, and significantly reduced in the CG groups at 6 weeks after 
the second dose of B[a]P. Student's t-test was used to compare the differ-
ence between the groups. Values are the means ± SD. The B[a]P group was 
compared to the control group and the CG groups were compared to the 
B[a]P group. The level of IL-10 was below detection at 10 weeks after the 
second dose of B[a]P.
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of 40.4 and 36.7%, respectively (Fig. 5C). The IFN-γ level in 
the serum 10 weeks after the last dose of B[a]P showed an 
increase of 15.6 and 20.6% in the case of the 2 and 4% CG 
diets, respectively, compared to the B[a]P group (Fig. 5D). 

Caspase-9 activation. Apoptotic cells were detected by 
cleaved caspase-9 antibodies identifying the caspase 9 subunit 
with a molecular weight of 37 kDa. The percentage of lung 
cells stained with these antibodies 2 weeks after the second 
dose of B[a]P increased by 73.3% as compared to the untreated 
control group (Fig. 6A). Feeding the mice for 4 weeks with 
a diet containing 2 and 4% CG after the last dose of B[a]P 

elevated the percentage of cells stained with the used antibody 
by 12 and 7.2%, respectively (Fig. 6B). Six weeks following 
the second dose of B[a]P, the percentage of cells stained to 
yield the caspase-9 product increased by 0.1 and 8.4%, respec-
tively, in the 2 and 4% CG diets (Fig. 6C). Notably, the highest 
percentage of cells immunostained with anticleaved caspase-9 
antibody, i.e., 32.3 and 67.5%, was observed 10 weeks after 
the second dose of B[a]P after mice were fed with a diet 
containing 2 and 4% CG, respectively (Fig. 6D).

Proliferation rate evaluation. The percentage of lung cells 
stained with anti-BrdU antibody 2 weeks after the last dose 

  A

  B

  C

  D

Figure 5. Dietary D-glucarate effect on the serum level of IFN-γ during the 
early post-initiation stages of benzo[a]pyrene (B[a]P)-induced lung tumori-
genesis in A/J mice. The level of IFN-γ was significantly elevated in the 
calcium D-glucarate (CG) groups 4 weeks after the second dose of B[a]P 
and significantly reduced in the CG groups 6 weeks after the second dose of 
B[a]P. Statistical analysis was performed using the Student's t‑test. Values 
are the means ± SD. The B[a]P group was compared to the control group 
and the CG groups were compared to the B[a]P group.

Figure 6. Dietary D-glucarate effect on the percentage of the cleaved  
caspase-9 positive cells during the early post-initiation stages of benzo[a]
pyrene (B[a]P)-induced lung tumorigenesis in A/J mice. At least 10 sections 
on each slide were viewed and counted. Values are the means ± SD. Statistical 
analysis was performed using the Student's t-test. The calcium D-glucarate 
groups were compared to the B[a]P group and the negative control was 
compared to the B[a]P group. Dietary D-glucarate had a proapoptotic effect 
as evidenced by the significantly increased level of cleaved caspase-9-stained 
cells in the lung tissue.
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of B[a]P was significantly elevated, i.e., by 233% as compared 
to the untreated control group (Fig. 7A). Results showed that 
4 weeks after the last dose of B[a]P uptake and administration 
of 2 and 4% CG in the diet, the population of stained cells 
reduced by 13.3 and 35.6%, respectively (Fig. 7B). As shown in 
Fig. 7C, the duration of mice CG feeding gradually decreased 
BrdU staining of the studied cells in the concentration of the 
glucaric acid derivative, by 21.2 and 49.2%, respectively, in the 
case of the 2 and 4% CG diets. Notably, the diet containing 
CG, 10 weeks after the second dose of B[a]P, significantly 
reduced the level of the cells stained with anti-BrdU antibody 
in the lung tissue by 45.2 and 67.2% in the cases of the 2 and 
4% CG diets, respectively (Fig. 7D).

Discussion

The association of various inflammatory cell types with 
cancer is not a recent development. Virchow reported dense 
areas of inflammatory cells at the periphery of tumor as early 
as 1863 (49,52). Inflammatory response appears to contribute 
to cancer growth and spread, as well as to immune suppres-
sion and antitumor response, concomitantly with emerging 
paradigms for the roles of matrix metalloproteinases (MMPs) 
in cancer development. A number of independent studies 
using human clinical samples show that inflammation has an 
impact on epithelial cell turnover (53,54). More significantly, 
proliferation in the setting of chronic inflammation predis-
poses humans to carcinoma in the breast, large intestine, 
gastric mucosa and other tissues (49). Evidence regarding the 
importance of inflammation during neoplastic progression 
originates from a study concerning cancer risk among long-
term users of aspirin and non-steroidal anti-inflammatory 
drugs (NSAIDs). A large body of data indicates that the use 
of these drugs reduces colon cancer risk by 40-50% and may 
be preventive for lung, esophagus and stomach cancer (52,55). 
The mechanism(s) underlying the chemopreventive effects 
of NSAIDs concerns their ability to inhibit cyclooxygenases 
(COX-1 and COX-2). COX-2 converts arachidonic acid to 
prostaglandins, which in turn induces inflammatory reactions 
in damaged tissues (56). Thus, inflammatory cells elicit host 
defense and stimulate progression. Inflammation is a complex 
phenomenon, involving the summation of initiation and main-
tenance signals originating from inflammatory cells and the 
tissue environment (48,49).

The inflammatory response is divided into three phases: 
acute, sub-acute and chronic. The acute phase is character-
ized by rapid onset, blood vessel dilatation, edema and 
leukocyte infiltration. This phase may last only a few days. 
The sub-acute phase is characterized by further leukocyte 
and phagocyte infiltration, which may continue for 3-4 weeks. 
Chronic inflammation persists for longer periods of time and 
may result from the persistence of the injuring agent in the 
tissue. During the course of chronic inflammation, cytokines 
attract additional activated lymphocytes as well as other 
inflammatory cells to the site of insult, thereby amplifying 
and prolonging inflammation. The inflammatory component 
of developing neoplasm includes a diverse leukocyte popula-
tion, i.e., macrophages, neutrophils, eosinophils and mast 
cells. This diverse leukocyte population is intermittently 
loaded with an assorted array of cytokines, cytotoxic media-
tors, such as ROS, serine-, cysteine- and metallo-proteinase, 
membrane-perforating agents and soluble mediators of cell 
apoptosis, such as TNFα, ILs and IFNs (54,57,58). PMNs are 
the most abundant circulating blood leukocytes. They provide 
the first line of defense against infection and release soluble 
chemotactic factors and proteases that alter the microenviron-
ment and guide the recruitment of non-specific and specific 
immune effector cells (57).

Mast cells release inflammatory mediators and factors 
known to enhance angiogenic phenotypes, including heparin, 
heparanase, histamine, metallo- and serine proteinases, and 
various polypeptide growth factors, such as tumor growth 
factor (TGF) and vascular endothelial growth factor (VEGF) 
(59). Eosinophils, which possess numerous bioactive molecules 
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Figure 7. Dietary D-glucarate effect on the percentage of the BrdU-positive 
cells during the early post-initiation stages of  benzo[a]pyrene (B[a]P)- 
induced lung tumorigenesis in A/J mice. Values are the means ± SD. 
Statistical analysis was performed using the Student's t-test. The groups fed 
with calcium D-glucarate were compared to the B[a]P group and the untreated 
group was compared to the B[a]P group. Dietary D-glucarate exhibited anti-
proliferative effects as evidenced by the significantly decreased population 
of BrdU-stained cells in the lung tissue.
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in their granules, are recruited to tissue as a host defense 
against parasites or during allergic responses (60), but are 
resident in the mammary gland and contribute to morphogen-
esis (61). Macrophages produce a number of potent angiogenic 
cytokines, growth factors, neutrophil chemoattractants and 
proteases. Macrophage infiltration is closely associated with 
the depth of invasion of primary melanoma due, in part, 
to macrophage-regulated tumor-associated angiogenesis. 
Macrophages express numerous bioactive molecules, including 
proteases, arachidonate metabolites, TGF-α, TNFα and IL-1 
(60-64). In response to macrophage expression, melanocytes 
express IL-8 and VEGF, thereby inducing angiogenesis 
through paracrine control (63,65). Notably, macrophages and 
eosinophils also contribute to mammary development (61). 
Macrophages are not unique among inflammatory cells in the 
potentiation of neoplastic processes. PMNs, mast cells and 
activated T-lymphocytes also contribute to malignancies by 
releasing proteases, angiogenic factors and chemokines (49). 
Previous data indicate that mast cells and neutrophils poten-
tiate the actions of HPV16 oncogenes (59,65) and amplify 
neoplastic cell proliferation and angiogenesis largely by the 
release of MMP-9.

Our previous studies in the mouse lung tumorigenesis 
model showed that dietary CG inhibited B[a]P-induced mouse 
lung tumorigenesis, in part, by inhibiting the enzyme βG (66), 
suppressing cell proliferation and chronic inflammation, and 
by inducing apoptosis during the late post-initiation stages of 
lung tumorigenesis in A/J mice (50). The present study aimed 
to investigate the changes in the homeostasis of cytokines in 
the serum, as well as the diversities of biomarkers of inflam-
mation and apoptosis in the lung tissue caused by dietary CG 
during the early post-initiation stages of B[a]P-induced lung 
tumorigenesis. Although 2 and 4% CG diets (w/w) exerted 
physiological changes in lung tissues via the decreased level 
of B[a]P-induced TNFα, only 4% CG in the diet significantly 
decreased the number of adenomas. Changes likely to occur 
in the level of IL-6, IL-10 and TNFα in the serum were inves-
tigated using FCAP array analysis. IL-6 was found to be a 
key mediator of the acute phase response. TNFα belongs to 
the same group of stimulators of the acute phase response, 
but also causes apoptosis. IL-12p70 is crucial in the immune 
response to microorganisms and tumors, activating NK cells 
and T-lymphocytes, which in turn initiates IFN-γ production 
and antigen-specific Th1 responses (24,25).

Two weeks after the second dose of B[a]P, an increase of 
the TNFα and IL-6 levels by approximately 8‑ and 28-fold, 
respectively, was observed in the serum along with an 
approximately 17% decrease of the IL-10 level compared to 
the untreated control group. An increase of the IFN-γ level 
of 58% and of the IL-12p70 level of 34% was simultaneously 
observed in the B[a]P-treated group, in comparison to the 
untreated group.

Four weeks after the second dose of B[a]P and CG admin-
istration in the diet for 2 weeks, the 4% CG diet reduced the 
IL-6 and TNFα levels, but also increased the level of anti-
inflammatory cytokines IL-10, IFN-γ and IL-12p70, compared 
to the B[a]P group. The levels of IL-6 and TNFα decreased by 
70 and 34%, while that of IL-10 increased by approximately 
3-fold. The IFN-γ and IL-12p70 levels increased by 54 and 
98%, respectively, in the 4% CG group. At 6 weeks after 

the second dose of B[a]P, the cytokine levels in the serum 
continued to be decreased in the CG-treated groups. The 4% 
CG diet reduced the level of IL-6 by 49%, TNFα by 29%, 
IFN-γ by 37%, IL-12p70 by 21% and the level of IL-10 was 
reduced by 42% compared to the B[a]P group. Ten weeks after 
the last treatment with B[a]P, the 4% CG diet reduced the IL-6, 
IL-12p70 and TNFα levels by 76, 21 and 11%, respectively, 
compared to the B[a]P group. The IFN-γ level in the serum 
10 weeks after the last dose of B[a]P showed an increase of 
21% in the case of 4% CG, compared to the B[a]P group.

The percentage of cells stained for cleaved caspase-9 at 
2 weeks after the second dose of B[a]P increased by 73%, as 
compared to the untreated control group. At 4 weeks after the 
second dose of B[a]P, the 4% CG diet increased the percentage 
of cells stained with anti-cleaved caspase-9 antibody in the 
lung tissue by 7%, and at 6 weeks by 8%. Ten weeks after the 
second dose of B[a]P, the 4% CG diet increased the percentage 
of cells stained with anti-cleaved caspase-9 antibody in the 
lung tissue by 67%.

Regulating cell proliferation is crucial in cancer prevention, 
since this process plays a key role in carcinogenesis, including 
the initiation and promotion steps. Chemopreventive agents 
suppress carcinogen-induced hyper-proliferation of cells in the 
target organs during the initiation, as well as the post-initiation 
events. Therefore, effective agents usually suppress cell prolif-
eration and inhibit the occurrence of malignant lesions (67,68). 
The percentage of lung cells stained with anti-BrdU antibody 
2 weeks after the last dose of B[a]P increased by 233%, as 
compared to the untreated control group. The results showed 
that 4 weeks after the last dose of B[a]P uptake and admin-
istration of 4% CG in the diet the population of stained cells 
was reduced by 35.6%. Moreover, 6 weeks after the last dose 
of B[a]P, this concentration of CG diet gradually decreased the 
BrdU-stained cells by 49.2%. The diet containing CG, 10 weeks 
after the second dose of B[a]P, significantly decreased the level 
of cells stained with anti-BrdU antibody in the lung tissue by 
67.2%.

In conclusion, dietary D-glucarate reduces the level 
of proinflammatory cytokines and increases the level of 
anti-inflammatory cytokine IL-10 during the early post-initi-
ation stages of B[a]P-induced lung tumorigenesis in A/J mice. 
Dietary D‑glucarate exhibits proapoptotic effects, as evidenced 
by the increased levels of cleaved caspase-9 in the lung tissue.

Moreover, CG may prevent lung cancer in tobacco smokers 
and ex‑smokers by enhancing apoptosis and suppressing the 
acute inflammation and proliferation induced by tobacco-
related carcinogens. CG supplementation has the potential 
to reduce the risk of lung cancer development in high-risk 
individuals.
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