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Abstract 

Background: We assessed the differential sole and Doxorubicin-(Doxo)-combined chemotherapy of the phytomedicines Crocin 

and Flavocoxid-(flvcox), against the-mouse-Ehrlich-Ascites-Carcinoma-solid-tumor-model-(EAC). We further identified the 

underlying-molecular mechanisms of actions, interrelations of probed signals, as well as the relative-potency among all used 

drug modalities. Methods: Functional studies evaluated tumor-burden, animal-survival, serum/tumor redox-status, and levels of 

key-effectors coherent with tumorigenesis, inflammation, and host-immunity, namely (serum IL-10 and TNF-α) and with 

tumor-apoptosis (Caspase-3-expression). Furthermore, histopathological examinations were performed to envisage the 

associated structural changes. Results: EAC-bearing mice had significantly raised serum-TNF-α and tumor lipid-peroxide 

(MDA) levels, but lower serum IL-10-levels and total serum antioxidant-capacity-(TAC), thereby showing animal-fatalities 

after-3-weeks. Crocin administration significantly-shrank tumor-mass by (50%), -reduced tumor lipid-peroxide-(MDA) and 

serum-TNF-α levels; but raised serum-IL-10, TAC and tumor-caspase-3 levels; ultimately augmenting animal survival by (79%). 

Flvcox had weaker survival-effects (44%) than that of crocin. Correlation studies showed IL-10, contrary to TNF-α to boost 

animal-survival, and suppress tumor-size. Tumor caspase-3 levels augmented both animal-survival and the TAC-level, while 

opposed tumor-weight and tumor-MDA levels. Besides, tumor oxidative-stress boosted tumor growth, and reduced caspase-3 

levels, thereby worsening animal survival. Histopathology analyses confirmed functional studies. Conclusions: 1)- The study 

reveals that Doxo confers superior cytotoxicity but inferior cytokine-balance, redox-status and animal-rescuing profiles; 2)- 

Crocin and Flvcox elicit prominent sole- and combined-cytotoxicity, and animal-rescuing potentials, by restoring the 

disrupted-balance of the cytokines (IL-10/TNF-α), optimizing serum/tumor redox-potentials and accelerating tumor-cell 

apoptosis; 3)- Cross-talk was evidently documented among (key-cytokines), (tumor-burden), (redox-status), and 

(tumor-apoptosis), in a manner that dictates the efficacy of sole (or) mutual-therapy, and their influence on animal-survival in 

response to cancer. 
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1. Introduction 

Cancer is a malignant hysterical cellular proliferation that 

usually invades and disrupts remote body organs, thereby 

devastating their functions and the overall health status. Thus, 

subsequent to cardiovascular diseases (CVD), cancer remains 

as a leading cause of death in the Western world, thereby ac-

counting for 24% of all death tolls. In European countries each 

year over three quarters of a million people die from cancer [1, 

2]. In developing countries, similar rank of incidence was ob-

served, however; by the year 2050, a 3-fold higher fatality to 

cancer is anticipated due to progressive rises in the rates of 

obesity and smoking, two major cancer risk factors [3]. 

Although chemotherapy confers effective cytotoxicity 

against cancer cells, it also suppresses other rapidly growing 

cells like epithelial- and bone marrow-cells, thereby causing 

considerable complications. Doxorubicin (Doxo, Adriamycin) 

has been a frontline chemotherapeutic drug for decades now. 

However, Doxo was documented to induce several serious 

adverse reactions, thereby forcing its dose-reduction and 

limiting its use [4]. Furthermore, cancer cell resistance to 

actions of chemotherapeutic drugs (chemoresistance) poses 

an appreciable challenge and a persisting hurdle in fighting 

cancer [5]. Together, these challenges with chemotherapy 

have mandated new therapeutic strategies to be explored, 

developed and implemented. In this cause, for several decades 

now, identification of new, safer and more effective cytotoxic 

compounds has led the development of anticancer therapeu-

tics. Thus, more than 60% of the marketed anticancer drugs 

(like taxol) are of natural origin (phytochemicals). When 

jointly administered with traditional chemotherapeutic agents, 

phytochemicals can be intended not only to accentuate their 

cytotoxicity (chemosensitization), but also to ameliorate their 

organ toxicity, thereby improving overall therapeutic out-

comes [6-8]. 

Crocin is a natural carotenoid of saffron, with reportedly 

potential anti-inflammatory, antioxidant, and anti-tumor ef-

fects that were demonstrated both in vitro and in vivo. These 

profiles may not relate to its conversion to vitamin-A, but 

alternatively involve a broad-range of mechanisms and cel-

lular targets. The latter encompass the cell-cycle effectors, 

ERKs, IP3 and the cell-death machinery, which seemingly 

vary among systems and species with details that are still far 

from complete, and are getting explored/unfolding [9, 10]. On 

the other hand, flavocoxid (Flvcox) is a currently marketed 

anti-inflammatory drug that comprises a unique mixture of 

baicalin and catechin. At the molecular level, flvcox is a dual 

prostanoid-inhibitor, which ablates both of the peroxidase (PO) 

activities of COX-1 and COX-2, and the 5-lipoxygenase 

(LOX) enzyme [11]. In that vein, numerous studies have 

suggested the promise of dual Cox/Lox inhibition in fighting 

cancer, although the utility of this approach has been largely 

inconclusive. Moreover, flvcox possesses a strong re-

dox-preserving profile as well, consonant with a potentially 

functional tumor-fighting capacity [12]. 

Thus, motivated by their prominent profiles and achieved 

reports, we first sought the individual cytotoxic effects of 

crocin and flvcox, as well as their chemosensitizing (synergic) 

effects with Doxo, in EAC-tumor bearing mice. Next, of a more 

clinical impact, we probed the molecular and cellular mecha-

nisms involved in the process of EAC-tumorigenesis, and the 

effect of such sole and combined drug-regimens thereon. In this 

regard, we monitored serum and tumor redox potential status, 

and estimated levels of key cytokine- and apoptotic-effectors 

(IL-10, TNF-α, caspase-3) that are widely implicated in settings 

of proliferative-, inflammatory-, immune-disrupted-, and 

drug-induced-health anomalies, such as cancer. Thus, IL-10 

(contrary to TNF-α) elicits favorable anti-inflammatory and 

anti-metastatic effects, on top of its prominent im-

mune-stimulant characters [13-15]. Moreover, we verified the 

incidence and extent of correlations (interplay) among levels of 

such machineries, rate of tumor-growth (tumor burden), re-

dox-potential, and animal survival. Lastly, tumor histopatho-

logical analyses were undertaken to concurrently visualize the 

cellular structural changes coherent with tumorigenesis and 

their possible modifications by various drug treatments. Thus, 

this study avails whether, and how then; the phytomedicines 

crocin and flvcox would stand as sole (independent) anticancer 

agents and/or joint chemosensitizers that substantiate the over-

all therapeutic, prognostic and safety profiles of Doxo. Besides, 

the study defines (statistically) the exact cross-talk (interplay) 

relationship among critical aspects of tumorigenesis, namely; 

cytokine levels, tumor metrics, its microenvironment, apoptosis, 

and redox sensors. 

2. Materials and Methods 

2.1. Animals, Drug and Treatments 

Female Swiss albino mice weighing 20–25 g were used. 

The mice were purchased from Urology and Nephrology 

Center, Mansoura University, Egypt and were housed in 

standard animal facility under controlled environmental con-
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ditions at room temperature 22±2 °C and 12-hour light-dark 

cycle with standard laboratory diet and water ad libitum. The 

study was conducted in accordance with the ethical guidelines 

for investigations in laboratory animals and the experimental 

design was approved by the Ethical Committee of Faculty of 

Pharmacy, Mansoura University, Egypt. Crocin (> 99.0 % 

purity) is now marketed (same trade name) as an analge-

sic/antipyretic drug. It was purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and stored at 4 ºC at a stock concentration 

of 50 mM in phosphate buffered saline (PBS). 

Flavocoxid (Limbrel®) was purchased from MedVantx 

(Sioux Falls, SD, USA), dissolved in 100% DMSO at a stock 

concentration of 100 mg/ml, and then diluted in PBS prior to 

injection. Final DMSO concentration was <0.1%. Dosages of 

drugs used were based on current preliminary experiments, as 

initially guided by relevant literature reports on these drugs. 

2.2. Ehrlich Ascites Tumor (EAT) Model 

Mouse EAC cells are routinely standardized and main-

tained by intraperitoneal inoculation in female albino mice, as 

per the earlier protocols [16, 17]. Cells were kindly provided 

by the National Cancer Center, Cairo, Egypt. The viability of 

the cells was always above 99% as judged by Trypan blue 

exclusion assay. Mice (n=72) were inoculated with 0.1 ml 

containing 5 x 105 cells/mice in the right hind limb subcuta-

neously. Tumor growth was assessed by measuring the vol-

ume of solid tumor using digital caliper and was calculated 

using the formula A x B2 x 0.5, where (A) is the largest di-

ameter and (B) is its perpendicular width (Schirner et al., 1998) 

[17]. Animal tumor size was always below 1 gm (5% of 

weight), as recommended per the university protocol. 

The day of tumor implantation was assigned as day ‘0’. On 

day 1, the animals were randomized and divided into six 

groups (n=12 per group). The EAT-bearing mice received 

normal saline by oral gavage needle (control, group 1), Doxo 

(2 mg/kg/day i. p., group 2), Crocin (20 mg/kg by gavage, 

group 3), flavocoxid (30 mg/kg by gavage, group 4), Doxo 

and Crocin (group 5), Doxo and flavocoxid (group 6). In 

addition, 12 negative control mice received only normal sa-

line (5 ml/kg/day, i. p.). Treatment continued for 21 days. 

Tumor volume was measured from the 5th day of tumor in-

duction and every five days thereafter. At the end of the study, 

mice were sacrificed. Tumor mass was removed and pre-

served in buffered formalin and processed for histopatholog-

ical and immunohistochemical investigations. Serum samples 

were collected for cytokine analyses and oxidative stress 

assays. 

2.3. Mean Animal Survival Time (MST) and 

Percentage Increase in Life Span 

The mean survival time, and percentage increase in life 

span (% ILS) were calculated according to the following 

reported formulas [17]. 

2.4. Redox Potential 

Redox potential markers (Antioxidant capacity and Oxida-

tive stress measurements): 

2.4.1. Serum-Total 

Serum-Total antioxidant capacity (TAC): Serum TAC was 

estimated in freshly collected sera, using a commercially 

available colorimetric-assay kit from Biodiagnostic Company 

(Giza, Egypt), according to manufacturer’s instructions. 

2.4.2. Tissue Lipid Peroxides 

Tissue lipid peroxides, measured as thiobarbituric acid re-

active species (TBARs): 

Tumor samples were excised, quickly weighed, then placed 

and homogenized on ice, in 10 V w/v PBS (pH 7.0). The 

homogenate was centrifuged at 4000 rpm for 10 minutes at 

4°C, and the supernatant was used for colorimetric determi-

nation of TBARS in terms of malondialdehyde (MDA), as we 

detailed before [18], using a MDA-kit from Biodiagnostic 

Company (Giza, Egypt). 

2.5. Enzyme-linked Immunosorbent Assay 

(ELISA) Measurement of Serum Cytokines 

ELISA was used to assess the serum levels of tumor ne-

crosis factor-α (TNF-α) and interleukin-10 (IL-10) (eBiosci-

ence Inc., San Diego, CA, USA), according to manufacturer’s 

instructions. 

2.6. Immunohistochemistry Analysis of Mature 

Caspase-3 

Tumor tissue sections (5-μm-thick) were first deparaf-

finized with xylene for subsequent immuno-localization of the 

cleaved (mature) caspase-3. Briefly, following incubation 

with blocking solution, the tissue sections were incubated 

overnight with mouse monoclonal anti-cleaved caspase-3 

antibody (1: 100 dilution, Millipore, AB3623, MA, USA) at 

4ºC in a humidified chamber. After washing with PBS, the 

slides were further incubated with a secondary biotin-labeled 

rabbit anti-mouse IgG antibody (Dako, E035401, Denmark). 

This was followed by incubation with avidin- peroxidase 

enzyme, and developed with the substrate 3, 

3'-diaminobenzidine (DAB). All sections were then viewed 

using with a Nikon-microscope connected to a digital cam-

era-aided computer system (Nikon digital camera, Japan). 

2.7. Statistical Analyses 

Statistical and data-correlation analyses were performed 

using Prism-5 software package (Graph Pad, San Diego, CA). 

Data are reported as means  SEM. Statistical significance 

among groups was inferred by using one-way analysis of 
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variance (ANOVA) followed by Tukey’s post-hoc test. A 

probability value (P<0.05) was considered significant. 

3. Results 

EAC, a breast-cancer- related solid tumor-model, was uti-

lized to assess the differential cytotoxic/chemoenhancing 

capacity of Crocin and Flavocoxid (Flvcox) and consequent 

impact on animal life expectancy (survival). As compared to 

normal control animals, EAC-tumor grew progressively to 

reach a near maximal size and weight after 20 days (Figures 

1A, B). Treatment with Doxo significantly shrank tumor-size 

by (69%), and raised the mean animal survival time (MST) by 

46% (Figure 1C). Individual Flvcox treatment elicited also 

significant, but less prominent cytotoxicity, thereby shrinking 

tumor size by (33%); yet however, scored similar boosting of 

animal survival (MST) to that of Doxo (45%). Individual 

Crocin elicited 50% reduction in tumor weight, while ex-

tended the MST more significantly than Doxo (72%). Inter-

estingly, the combined administration of Flvcox/Doxo 

showed equipotent cytotoxicity to that of Doxo (70%), but 

elicited a more pronounced elongation of animal survival 

(99%). In comparison, the joint Crocin/Doxo regimen af-

forded the most striking-cytotoxic response (reduction of 

tumor weight by 93%) and -promotion of animal-survival 

(180%), which significantly surpassed those of Doxo, Flvcox 

or their combination. Figure 1D shows a linear-regression 

analysis that correlates tumor weight with animal survival. A 

significantly negative correlation coefficient (R2= -0.76*) was 

obtained, indicating an inverse association (deterioration) of 

animal survival with bigger tumor weight/size. However, the 

magnitude of R2, as supported also by individual responses of 

Doxo versus Flvocox, may further imply that tumor size is not 

the sole determinant or cellular trigger of animal life expec-

tation. These notions prompted us to probe for possible vari-

ations among groups with respect to status of redox potential 

and expressional levels (or activity) of key cytokines or 

pro-apoptotic effectors. 

 
n= 6-8 animals in each group. *, significantly different from EAC-control, and $ from Doxo-treated group (P< 0.05). 

Figure 1. (A-D): Time course for EAC tumor growth (A) and the effect of various drug regimens on tumor-weight (B) and on mean-animal 

survival time (C). (D) Linear regression analysis for the correlation between tumor-weight and animal survival. 
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Figure 2A displays tumor-tissue levels of the li-

pid-peroxide-marker (MDA) in EAC-bearing mice and the 

effects of diverse drug regimens thereon. In absence of drug 

treatments, EAC-tumor tissues generated the highest (peak) 

MDA levels among all groups. Treatment with Doxo, Crocin, 

Flvcox or the (Doxo/Flvcox) combination afforded compara-

bly significant reductions in tumor-MDA levels (24-34%). 

Uniquely, and consistent with its obtained cytotoxic response, 

the (Crocin/Doxo) combination regimen produced the most 

profound/significant reduction in tumor-MDA levels (61%). 

To further assess its prognostic value, tumor-MDA levels 

were correlated with data for tumor weight, and for animal 

survival. Figures 2B, C elucidate that tumor MDA levels 

(microenvionment oxidative-stress) positively correlate with 

(enhance) tumor growth (R2= 0.93), but, consequently, ad-

versely affect animal survival (R2= - 0.89). 

Another global redox estimate that measures body defense 

against oxidative-stress is “total antioxidant capacity, TAC”. 

Figure 2D delineates the levels of mouse-serum TAC before 

and after induction of EAC-tumor growth, and the impact of 

diverse drug regimens thereon. Thus, while peak TAC levels 

evidently associated with normal (tumor-free) mice, induction 

of EAC growth dramatically ablated such levels of “antioxidant 

capacity” to 4% of its original value. In EAC-bearing animals, 

Doxo or Crocin treatments (but not that of Flvcox) partly, but 

significantly restored TAC to 35% and 20% of normal peak 

levels; respectively. Responsiveness to concurrent-

ly-administered regimens of Doxo/Crocin or Doxo/Flvcox was 

far superior to individual drug components in restoring TAC, 

thereby scoring 55% and 77 % of normal control values; re-

spectively. To gain insights into the basis of obtained diversity 

in TAC responses and its prognostic utility, we constructed two 

correlation curves for “TAC” values against data obtained for 

“tumor weight” and “animal survival” in diverse groups. Thus, 

Figures 2E, F clearly indicate that TAC negatively correlates 

with tumor weight (growth) (R2= - 0.83*), but positively asso-

ciates with animal survival (R2= 0.82*). 
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n= 6-8 animals in each group. *, significantly different from EAC-control, and $ from Doxo-treated group (P< 0.05). 

Figure 2. (A-F): (A) EAC-Tumor lipid-peroxide (MDA) levels and the effect of various drug regimens thereon. Correlation of MDA levels with 

tumor weight (B), and with animal survival (C). (D) Serum total antioxidant capacity (TAC) in EAC-bearing mice and the effect of various 

drugs thereon. (E) Correlation of (TAC) with tumor weight, and with animal survival (F). 

Besides, next we monitored serum cytokine levels of 

TNF-α and IL-10 in response to tumor induction, in presence 

and absence of various drug treatments. TNF-α has mostly 

pro-carcinogenic/ inflammatory implications, while IL-10 is 

now more accepted as a promoter of host immunity with 

positive impact on prognosis of cancer [13, 14]. Tumor 

growth (EAC-group) significantly raised serum TNF-α levels 

(4.7 folds), while reduced serum IL-10 levels by (36%) of 

control (tumor-free) levels, (Figure 3A, B). Doxo treatment 

significantly attenuated the rises in TNF-α to 390% and de-

creased IL-10 levels by 35% of EAC-control. Flvcox more 

significantly lowered TNF-α levels to 197%, and reduced 

IL-10 by only 14% of EAC-control values. Either of Crocin, 

Doxo /Flvcox, or Doxo/Crocin regimens evoked more sig-

nificant/sharper declines in TNF-α levels to (103-155%), but 

greater rises in IL-10 levels (105-119%) implying that TNF-α 

deteriorates, while IL-10 boosts, the overall drug “cytotoxic 

profiles”. Therefore, correlations were constructed to evaluate 

the potential and extent of cross-talk among levels of these 

cytokines and their possible influence on animal survival 

(Figure 3C-E). TNF-α levels had significantly negative im-

pact on animal survival (R2= -0.76*). Moreover, interestingly, 

IL-10 correlated significantly negative with TNF-α (R2= - 

0.89*), but positively with animal survival (R2= 0.83*). 
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n= 6-8 animals in each group. *, significantly different from EAC-control, and $ from Doxo-treated group (P< 0.05). 

Figure 3. (A-E): Serum TNF-α (A) and IL-10- (B) levels in control- and EAC-bearing-mice, and the effect of various drug regimens thereon. 

Correlation of TNF-α levels with animal survival (C) and with serum IL-10 levels (D). (E) Correlation of IL-10 levels with extent of animal 

survival. 

Apoptosis of tumor cells has now become a hallmark of 

cancer pharmacotherapy. Therefore, we measured its inci-

dence and extent in diverse groups and further correlated 

these data with redox markers, tumor size, and mean animal 

survival. Figure 4A, B indicates that Doxo induced a sub-

stantial (7.5 fold) rise in EAC-caspase-3 expression, a re-

sponse that was mimicked by either or Flvcox or Crocin, 

albeit to a lower extent (3-4 folds). Remarkably, the combi-

nation regimens of the two latter drugs with Doxo signifi-

cantly enhanced caspase-3 expression far beyond their ob-

tained individual responses (9-10 folds). Linear-regression 

correlations (Figure 4C-F) indicate that such caspase-3 ex-

pression inversely correlates with tumor weight, and with 

tumor MDA levels (-0.94*, -0.71*; respectively), but posi-

tively associates with TAC and with animal survival (0.88*, 

0.84*; respectively). 
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n= 6-8 animals in each group. *, significantly different from EAC-control, and $ from Doxo-treated group (P< 0.05). 

Figure 4. (A-F): Microphotographs (A) and densitometric analysis (B) for immunohistochemical determination of mature caspase-3 levels in 

tumor sections from EAC-bearing mice (control/EAC) and the effect of various drug combinations thereon. Caspase-3 positive areas appear as 

brown granules. Correlation of caspase-3 levels with tumor weight (C), with MDA levels (D), with TAC (E), and with animal survival (F). 

Figure 5 depicts the histopathological profiles of 

EAC-tumor sections from different animal groups. Thus, in 

EAC-sections, examination revealed malignant tumoral pro-

liferation that is composed of highly atypical large cells with 

large pleomorphic nuclei, prominent large nucleoli and fre-

quent mitotic figures, including atypical ones. Besides, wide 

areas of coagulative necrosis and hemorrhage are evident, 

while tumoral proliferation deeply invades the surrounding 

skeletal muscle fibers and fatty tissues. Likewise, marked 

inflammatory infiltrates are encountered at the tumor edge. 
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Figure 5. Histopathological analysis of Ehrlich Ascites Carcinoma (EAC) tumor and the effect of various drug treatments thereon. 

Microphotographs through tumor stained with H&E 

showing sheets of large atypical cells with invasion of the 

muscle fibers in untreated muscles (control/EAC). Treatment 

of EAC bearing mice with Flavocoxid, Crocin, Doxorubicin 

or (Flavocoxid + Doxorubicin) showed less tumor invasion 

and cellular infiltrates. Treatment of EAC bearing mice with 

(Crocin + Doxorubicin) showed the highest protective effects 

against tumor invasion and cellular infiltrates. The migration 

of malignant cells stopped leaving a line of demarcation. 

Doxo group examination revealed similar malignant tu-

mors with the same pathological features, but with relatively 

more necrotic areas and less viable tumor tissue. A prominent 

characteristic is the deep EAC-cellular extension and infiltra-

tion into the surrounding skeletal muscle fibers, but with 

relatively less inflammatory cell infiltrates at the tumor edge, 

thereby indicating lower potential for metastasis. 

Crocin treatment afforded high grade carcinoma with wide 

areas of coagulative necrosis that nearly involved half of the 

examined tumor tissue fields. Moreover, infiltrations into the 

surrounding skeletal muscle fibers were also observed, with 

less inflammatory infiltrates at the tumor edge, implying 

reduced metastasis. 

Flvcox-treated animals displayed more viable tumor tissue 

with highly atypical cytological and nuclear features, along 

with less frequent areas of necrosis. Some prominent invasion 

of tumor cells to vascular and perineural tissues are seen as 
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well. Furthermore, deep infiltrations into the surrounding 

skeletal muscle fibers and fatty tissue with relatively dense 

inflammatory infiltrates are observed at the tumor edge. 

Examination of H&E stained slides from EAC-bearing 

mice treated with Flvcox and Doxo shows synergetic and 

protective effects in terms of tumor invasion and cellular 

infiltrates. The migration of malignant cells appears to have 

stopped, leaving a clear line of demarcation (less metastasis). 

Moreover, wide areas of coagulative necrosis, involving most 

of the tumor tissue with minor viable tumor cells, are noticed. 

Besides, mild inflammatory infiltrates can be seen at the tu-

mor edge. On the other hand, EAC-bearing mice treated 

jointly with Crocin and Doxo showed synergetic and protec-

tive effects in terms of tumor invasion and cellular infiltrates, 

with fewer invasions into the surrounding muscle fibers and 

less inflammatory infiltrates at the tumor edge. Table 1 

summarizes major differential pathological findings among 

the treated groups with respect to mitotic and apoptotic indi-

ces as well as tumor and inflammatory infiltrations. 

Table 1. Major cancer-related pathologic findings in EAC and the effect of different drug treatments thereon. 

Group 
Tumor infiltration at 

margin 

Inflammatory infil-

trates at edge 

Mitotic index (no. of 

MFs in 12 HPFs) 

Apoptotic index (no. 

of Abs in 12 HPFs) 

Control/EAC ++++++ ++++++ 11 4 

Doxorubicin +++ +++ 4 10 

Flavocoxid +++++ +++++ 10 4 

Crocin ++++ ++++ 9 6 

Flavocoxid + Doxorubicin + ++ 3 11 

Crocin + Doxorubicin + + 3 13 

- MF= Mitotic figures, HPF= HighPower Field. 

4. Discussion 

Our understanding of the cellular and molecular underpin-

nings of tumorigenesis and its drug-based cytotoxic manipu-

lations are still far from complete. This dogma has been fur-

ther complicated by two coherent aspects of chemotherapy, 

namely; the eruption of cancer-resistance to cytotoxicity and 

the observed prominent adverse reactions that can mount to 

life-threatening extents [19-21]. 

We currently employed a mouse EAC-solid tumor model to 

first probe the therapeutic and chemosensitizing capacity of 

two well tolerated natural drugs, crocin and flvcox. Next, we 

investigated the associated changes in expressional-levels of 

the cytokines (TNF-α and IL-10), in redox potential within 

tumor cells and the blood, and in tumor-cell susceptibility to 

undergo apoptosis. Besides, the extent of correlation and/or 

significance of inter-dependence among these factors, and 

their ultimate impact on animal-survival, next to malignancy, 

have all been delineated. 

The study revealed that both drugs elicited significant in-

dividual cytotoxicity that was comparable to, but also further 

exceeded that by Doxo, thereby appreciably blunting tumor 

growth/metastasis and extending animal survival far beyond 

their individual drug responses. Overall, quantitatively, indi-

vidual and synergy responses to crocin significantly surpassed 

those of flvcox. Correlation curves drawn among cytokine 

levels, oxidative-stress markers, and rate of tumor apoptosis, 

unequivocally indicated that favorable cytotoxicity and ani-

mal survival rates directly associate with serum-total antiox-

idant capacity, IL-10 levels and tumor caspase-3 levels, but 

inversely correlate with serum TNF-α- and tumor li-

pid-peroxide (MDA) levels. Intriguingly as well, significant 

negative association was observed between TNF-α and IL-10 

levels, thereby suggesting a biomarker utility in evaluating 

tumor prognosis, and efficacy of drugs as cytotoxic and 

chemosensitizing agents. These results agree (in part) with 

ours performed on a hepatic-carcinogenesis model in rats with 

focus on the effectors of Nrf-2, and some apoptotic mediators 

[22]. 

Oxidative stress is reportedly implicated in the etiology of 

cancer. It results from an imbalance in the production of re-

active oxygen species (ROS) and cell’s own antioxidant de-

fenses [23]. ROS disrupt the redox homeostasis and favor 

tumor development by promoting definitive signaling cas-

cades and cellular machineries. Cancer stem cells, thanks to 

its anomalous redox system and subsequent manipulation of 

stress-transcription factors, continue to flourish and prolifer-

ate hysterically. Accordingly, several lines of evidence have 

indicated that oxidative stress and relevant-gene-environment 

can orchestrate serious pathophysiological cascades that 

culminate into the development of breast, prostate, pancreatic 

and colon cancers. For instance, oxidative stress and estrogen 
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receptor-induced DNA disruption trigger proliferative 

changes to ultimately dictate estrogen-responsive breast 

cancers [24, 25]. Because EAC-cells belong to breast cancer, 

these aspects of “tumor microenvironment” and the role of 

redox potential therein have been likewise currently investi-

gated in a tumor model of these cells. 

Thus, we showed that EAT proliferation is highly positively 

regulated by rises in tumor lipid-peroxides and falls in serum 

antioxidant-capacity (TAC). Accordingly, overall, oxidative 

stress evidently associated with tumor weight, but negatively 

associated with expression of tumor-caspase-3 (apoptosis), 

serum-IL-10 and animal survival extent. Such latter orches-

trated cross-talks appear to ultimately favor inflammation, 

tumor-growth and metastasis, while attenuating host im-

mune-responses and tumor cell apoptosis. Therefore, one 

pivotal way crocin and flvcox elicited cytotoxic responses, 

augmented chemotherapeutic actions, and enhanced safety 

profiles of Doxo, is by abrogating oxidative stress and in-

flammation. Our findings showed that albeit Doxo was cur-

rently the most potent cytotoxic drug, it elicited significantly 

inferior animal-survival profiles than crocin. These notions 

imply that the life-span outcomes are dictated not only by the 

extent of cytotoxicity but also by associated tu-

mor-microenvironmental events and chemotherapy safety 

profiles, likely reasons as to why Doxo has clinically shown 

inconsistent therapeutic outcomes. Not surprisingly, therefore, 

jointly given crocin or flvcox alleviated Doxo-associated 

adversity on redox potential both at tumor microenvironment 

(MDA) and in the blood (TAC), to eventually boost its safety, 

efficacy and animal survival outcomes. These latter current 

outcomes were further reinforced and validated via correla-

tion studies performed with redox-markers against survival or 

tumor-size data. In support, BRCA1, a tumor suppressor 

against hormone-responsive cancers such as breast and pros-

tate cancer, jointly plays a significant role in inhibiting ROS 

and estrogen-mediated DNA damage; thereby normalizing the 

redox homeostasis of the cells [24]. 

Inflammation has been tightly implicated in cancer devel-

opment and spread. Moreover, over several decades, clinical 

and experimental evidence has accumulated to indicate a 

cross-talk interdependence (causal) relationship between 

cancer and inflammation. Thus, as early as 1863, the obser-

vation by Rudolf Virchow that inflammatory cells may well 

infiltrate tumors hypothesized also that cancer may erupt from 

inflammatory reactions [26, 27]. Now, this postulation has 

been recently proven rational with the emergence of several 

reports implicating infection and chronic inflammatory dis-

ease in the development of cancer [28]. Besides, chronic 

inflammation can also foster malignant cell transformation in 

healthy tissues. Interestingly, inflammation deploys many 

common molecular effectors and signaling pathways with 

carcinogenesis, including accelerated cellular proliferation 

and angiogenesis. On the other hand, consonant therapeutic 

evidence came also from the use of nonsteroidal an-

ti-inflammatory drugs, which lessened the incidence, severity 

and mortality of numerous cancer types [29]. 

Tumor necrosis factor (TNF-α) is a paramount inflamma-

tory mediator with wide implications in the early stages of 

carcinogenesis, including angiogenesis and invasion, rather 

than in the late progression of carcinogenesis [30-32]. As well, 

Moore et al. provided experimental evidence that 

TNF-α-deficient mice were markedly resistant to phor-

bol-ester-induced skin cancer [32]. Furthermore, in oral 

squamous cell carcinoma, intense TNF-α exposure can raise 

the proportion of cancer stem cell phenotypes and enhance 

over-expression of their growth-promoting transcription fac-

tors, thereby exacerbating tumorigenicity [33]. 

A myriad of mechanisms have been proposed to define the 

exact role of TNF-α in tumorigenesis and metastasis. One 

such proposals has addressed the contribution of oxida-

tive-stress, thus showing TNF-α to enhance generation of 

reactive oxygen and nitrogen species (RONS) to induce DNA 

damage, hence facilitating tumorigenesis. By contrast, a few 

reports have suggested that high concentrations of this cyto-

kine can evoke an antitumoral response in a murine model of 

sarcoma [34]. According to these findings, reconciliation 

considers that, within the tumor microenvironment, the ulti-

mate pro- or anti-tumoral TNF-α response depends on its local 

concentration and expressional site in the tumor cell. Thus, in 

this vein, patients with raised levels of TNF-α in tumor islets 

from non-small cell lung cancer, that were mostly confined to 

macrophages and/or mast cells, displayed superior survival 

rates than patients with rising stromal TNF-α levels [35, 36]. 

In contrast to TNF-α, IL-10 elicits mostly an-

ti-inflammatory effects, enhances host immunity against 

cancer, and confers anti-angiogenic effects [37]. Almost all 

immune cells, including T-cells, B-cells, monocytes, macro-

phages and mast cells produce IL-10 [37]. IL-10 inhibits 

NF-κB signaling; thereby blunting the expression of proin-

flammatory cytokine and favoring an overall antitumor en-

vironment [38]. Consistent with this finding, Berg et al. 

demonstrated that IL-10-deficient murine models are more 

prone to bacteria-induced carcinogenesis [39]. 

Therefore, in contrast to the above reports, in EAC a pau-

city of information on cytokine functions appears to dominate. 

Thus, we differentially measured the levels of TNF-α and 

IL-10 in EAC, presented also on a conference for us [40], and 

further thereafter investigated how the levels of these cyto-

kines may relate to each other (cross-talk), and to ani-

mal-survival or tumor-growth, in the absence and presence of 

single and combined drug regimens of Doxo, crocin and 

flvcox. 

Ultimately, the measured levels of these cytokines revealed 

the impact of inflammation (TNF-α) and host immune re-

sponse (IL-10) on tumor growth; and how far these responses 

are modulated by chemotherapy regimens under considera-

tions. The translation value of current cytokine levels is also 

unequivocally inferred from correlation curves, which overtly 

indicate that TNF-α significantly associated with worsening, 

while IL-10 with promotion, of animal survival. 
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Doxo displayed inferior cytokine profiles in which it scored 

the highest serum levels of TNF-α, while failed to enhance 

that of IL-10, leaving its levels similar to basal EAC ones. 

These notions reveal that Doxo fosters a high level of in-

flammation, while blunts host ability to restrain tumor pro-

liferation and metastasis, a likely compelling reason as to why 

it currently showed a limited animal rescuing caliber. Such 

envisions are further reinforced by the obtained individual and 

synergy results for crocin/flvcox, and Doxo. Thus, sole crocin 

or flvcox, albeit had lower cytotoxic effects than Doxo, they 

were far superior to it in reducing TNF-α- and raising 

IL-10-levels, thereby showing, per se, similar (Flvcox) or 

higher (Crocin) promotion of animal survival. Besides, crocin 

and flvcox elicited a much higher survival effect when they 

were combined with Doxo. Therefore, optimal modification 

of these cytokine by crocin and flvcox constitutes a molecular 

basis and a crucial trigger whereby they chemosensitize the 

cytotoxic actions of Doxo. 

Chemosensitization is a strategy to counteract chemo-

resistance that usually erupts to traditional cytotoxic agents, 

by using an additional drug, thereby augmenting the overall 

responsiveness to chemotherapy. Among the potential 

chemosensitizers are natural agents such as catechins, flavo-

noids, carotenoids, omega-3-fatty-acids and resveratrol, 

which were proven capable of modulating key biological 

pathways and cellular triggers, consonant with antineoplastic 

effects [7, 20, 41]. Over the years, numerous natural products 

have been identified as potentially efficacious anti-cancer 

agents for their versatile/multitargeting properties, low cost 

and toxicity profiles, and instant availability. Not surprisingly, 

over 60% of the anticancer drugs available to date in the 

market are of natural origin [42, 43]. 

Another aspect in favor of crocin and flvcox anti-

tumor/chemoenhancing utility is their well-tolerance and 

safety profiles. For instance, they possess additional an-

ti-inflammatory, antioxidant, cell-protective and im-

munostimulatory effects, which are of superb value and ut-

most need to mitigate a myriad of fingerprinted health 

anomalies and complications entailed to cancer. 

Moreover, besides to its anti-inflammatory effects, flvcox 

possesses a strong antioxidant activity which further helps 

downregulate inducible inflammatory gene expression and 

neutralizes ROS, thereby preventing the conversion of ara-

chidonic acid to oxidized lipids [11]. Accordingly, Flvcox has 

shown cellular protective and anti-inflammatory potential in 

ischemic stroke, pancreatitis and nephritis. Intriguingly as 

well, crocin has shown cellular protective effects against 

Doxo-induced renal- cardiac- and liver-toxicity [12, 44, 45]. 

Moreover, we currently show that both drugs elicit a marked 

tumor apoptotic effect on their own, while also significantly 

boost that of Doxo. Such profiles for these two candidates 

under investigation, suggest additional means whereby they 

may lessen the untoward reactions, while sensitize the cyto-

toxic effects of Doxo, thereby augmenting its overall thera-

peutic index. The capacity of current drugs to limit tumor 

growth and metastasis, while also expediting its apoptotic 

termination, was documented with outcomes of histopatho-

logical analyses. Intriguingly, currently, a high level of posi-

tive association existed between tumor rate of apoptosis and 

oxidative-stress within tumor microenvironment and circula-

tion as inferred from negative correlation with tumor-MDA 

levels, and positive association with TAC. Together, these 

findings project the value of antioxidants (radical scavengers) 

as also superb accelerators of tumor demise. In support, reac-

tive oxygen species (ROS) are engaged in regulating diverse 

biological systems, especially those with rapidly proliferating 

cells, as with tumor cells. Indeed, oxygen metabolism entails 

many hazardous byproducts that can induce carcinogenesis. 

ROS play a role in ras-induced cellular transformation. De-

fective signaling through ROS pathways can contribute to 

concerted curbing of apoptosis, and development of cancer. 

Therefore, new approaches have been deployed to design and 

apply novel delivery methods to circumvent and/or obliterate 

cancer. Thus, the use of a recombinant adenoviral vector that 

expresses the radical-depleting enzyme Mn-SOD 

(Ad-Mn-SOD) showed antitumor effect. The latter was also 

more overt in the presence of conventional anticancer drugs, 

thereby appreciating the concept of synergy and sensitization 

[46], as per the present study. Besides, a phase-I study has 

been conducted on human cancer with injection of Mn-SOD 

plasmid-liposomes [47]. 

Thus, conclusively, this study elucidates that EAC tumor 

growth and animal survival are controlled through a recipro-

cal balance in levels of two cytokines: TNF-α (negative 

prognosis) and IL-10 (positive prognosis). Other principal 

players include “tumor & environmental” redox-potential, 

and tumor expression of apoptotic effectors (caspase-3), 

which inversely correlate to each other to differentially regu-

late tumor growth and animal survival. Thus, interestingly, 

prominent cross-talk exists among these three pathways, 

thereby attesting to complexity of the cellular and molecular 

machinery whereby EAC tumor growth and prognosis are 

regulated. Doxo, albeit produced the top cytotoxicity, it dis-

played inferior cytokine and animal rescuing profiles. Crocin 

and flvcox, in a rank order of potency, significantly optimized 

the aforementioned pathways to confer significant an-

ti-inflammatory, antioxidant, tumor apoptotic- and cytotox-

ic-effects on their own, and further substantially sensitize the 

therapeutic and animal rescuing capacity of Doxo. Per se, 

flvcox is a promising chemosensitizing agent that is worth of 

further experimental/clinical chemotherapeutic evaluations. 

Finally, the overall redox potential is a crucial regulator of 

tumor growth, modulator of responsiveness to chemotherapy, 

and a likely predictor of animal-survival in these settings. 

Abbreviations 

Doxo Doxorubicin 

Flvcox Flavocoxid 

MDA Lipid Peroxide-marker 
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TAC Total Antioxidant-capacity 

IL-10 Interleukin-10 

Tnf-α Tumor-necrosis Factor-α 

EAC Ehrlich-ascites Carcinoma 
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