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Abstract
Epidemiology, clinical and experimental animal studies suggest high fructose 

diets are detrimental to metabolic status and may contribute to tumor development. 
This is due to increased obesity and metabolic syndrome, known risk factors 
for many types of cancer. We compared tumor development in N-methyl-N-
nitrosourea (MNU)-treated rats fed either a high (60%)-fructose diet (HFD) or a 
standard diet (SD). Female Sprague-Dawley rats at 43 days of age (DOA) were fed 
a SD or HFD followed by administration of MNU at 50 DOA. Rats were palpated 
weekly and sacrificed at 190 DOA. MNU-treated rats on HFD exhibited decreased 
tumor latency and roughly a two-fold increase in tumor multiplicity. RNA-Seq 
on frozen tumors (SD vs. HFD rats) showed altered expression of approximately 
10% of genes (P < 0.05). When examined by Ingenuity Pathway Analysis, multiple 
highly significant pathways were identified, including A) mechanisms of cancer, 
B) Wnt pathway, C) immune response (e.g., “Th1 and Th2 activation” and “antigen 
presentation”) and D) LXR/RXR nuclear receptor. These generalized pathways 
were indirectly confirmed by alterations of various interrelated disease pathways 
(epithelial cancers, T cell numbers and apoptosis). In a second study, serum was 
collected from rats on the HFD or SD pre-MNU and at the time of sacrifice. 
Metabolomics revealed that the HFD yielded: A) increased levels of fructose, B) 
increases of various monoglycerols, C) reduced levels of various diacylglycerols and 
oxygenated inflammatory lipids (9 and 13 HODE and 12,13 DHOME) and D) 
increased levels of secondary bile acids (hyodeoxycholate and 6-oxolithocholate), 
which may reflect microbiome changes. These metabolomic changes, which 
are distinct from those on a high-fat diet, may prove relevant when examining 
individuals who consume higher levels of fructose.
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Introduction
Studies suggest high fructose diets are detrimental to 

metabolic status and tumor development [1]. This is due to 
increased obesity and metabolic syndrome, known risk factors 
for many types of cancer. The breast cancer model in which 
mammary tumors are induced in 50-day-old Sprague-Dawley 
rats by treatment with the carcinogens 7,12-dimethylbenz(a)
anthracene (DMBA) or N-methyl-N-nitrosourea (MNU) has 
been used for many decades [2, 3]. The model has routinely 
employed a standard natural ingredient Teklad diet (SD), 
which has relatively low levels of fat (4% fat by weight, 8% 
fat by calories) and contains corn, soybean meal, wheat, oats, 
barley, alfalfa meal and dry skim milk as the carbohydrate 
source and soy as the primary protein source. MNU-treated 
rats fed a SD develop estrogen receptor-positive (ER+) cancers 
that are similar by gene expression array analyses to highly 
differentiated ER+ human breast cancer [4]. These tumors 
respond both in a prevention setting and in a therapeutic 
setting to treatments that are effective in modulating human 
ER+ tumors, including selective estrogen receptor modulators 
(SERMs; e.g., tamoxifen, toremifene and arzoxifenene), 
aromatase inhibitors (e.g., vorozole and letrozole) and 
ovariectomy [5, 6]. However, the question has always arisen 
whether one might obtain different results if one employed 
other diets. We recently published data comparing tumor 
results for rats fed a SD to those fed a high fat “western diet”. 
The Western diet, which more closely resembles the human 
diet and routinely consumed in the United States [7], contains 
high fat, high sucrose and low levels of calcium, whereas the SD 
is low in fat, high in calcium and has a high soy content. Rats 
fed a Western diet exhibited reduced tumor latency, increased 
tumor multiplicity and demonstrated a similar response to a 
variety of preventive agents. However, these rats also displayed 
a striking increase in body weight.

One dietary component that may contribute to a higher 
risk of breast cancer is the relative intake of sugars, specifically 
fructose, because it results in increased obesity, changes in 
glycemic index, and the associated sequelae [8]. Several studies 
in the early 2000s pointed to increased breast cancer risk with 
increased glycemic index and glycemic load [9-12]. The focus 
on sugars, obesity and disease, primarily non-alcoholic fatty 
liver disease, has been active for decades as well. This topic 
has been examined by the World Health Organization, which 
linked increased “sweet foods” to increased mammary density; 
high fructose corn syrup was the suspected causal factor 
[12]. Recently, epidemiologic studies further investigated 
the association between glycemic index and breast cancer 
susceptibility in the EPIC study [13]. Furthermore, Dong et 
al. reported that dietary glycemic index was linked to breast 
cancer in a large meta-analysis of 10 prospective studies [14]. 
It should be noted that breast cancer risk in many publications 
is linked to relative glycemic index and overall sugar intake 
and not specifically to the intake of high fructose. However, 
reviews have discussed the biochemical mechanistic effects of 
increased fructose in foods compared to sucrose and glucose 
and highlight why the emphasis should focus on fructose and 
other related diseases [15, 16]. Strober and Brady [8] have 
explored the links between increased dietary fructose and the 

incidence of triple-negative breast cancer from a mechanistic 
standpoint. More specifically, there have been two recent 
animal model papers showing that employing fructose as a 
primary sugar source enhances mammary cancer and that a 
sucrose- or fructose-enriched diet promotes tumorigenesis 
in the mammary gland through elevation of 12 lipoxygenase 
[17]. A second study showed that high fructose corn syrup in 
water, which resulted in a significant increase in body weight, 
enhances intestinal tumor growth in preclinical mouse models 
[18]. Based on the heightened interest on obesity and dietary 
sugars, primarily the shift to high fructose sweeteners as a 
sweeter and cheaper alternative to sucrose [19], we wished to 
expand our observations regarding the high-fat Western diet 
to a diet employing fructose as the primary sugar source. Thus, 
in the current studies, we employed a defined isocaloric diet 
containing high levels (60%) of fructose (HFD) as a primary 
energy source.

Investigators have commonly analyzed RNA expression 
in tumors to gain mechanistic insights regarding specific 
agents and to compare animal tumors employed in therapeutic 
or chemoprevention studies to the human tumors they are 
intended to model. For example, Chan et al. [4] showed 
that MNU-induced ER+ rat mammary tumors are similar to 
highly differentiated estrogen receptor- positive/progesterone 
receptor-positive (ER+/PR+) tumors in humans. Lu et al. 
demonstrated that N-butyl-N-(4-hydroxybutyl)nitrosamine 
(OH-BBN)-induced rat bladder tumors [20] appear similar to 
basal bladder cancers and lung squamous cell cancers induced 
by N-nitrosotris-(2-chloroethyl)urea (NTCU) in mice and 
have significant overlap with human squamous cell carcinoma 
(SCC) [21]. We have also shown that the determination of 
RNA expression following the exposure of breast lesions 
to specific agents such as tipifarnib (a farnesyltransferase 
inhibitor) and vorozole (an aromatase inhibitor) allows one 
to determine both pathways and specific gene sets that are 
modulated by these agents [22, 23]. Breast cancers developed 
more rapidly and had a higher multiplicity in animals on the 
HFD in the present studies. Therefore, we examined whether 
there were differences in RNA expression between the tumors 
that developed in animals on the two different diets. We 
initially investigated the effects on differential expression 
of individual genes with or without a Benjamini-Hochberg 
(BH) correction for multiple comparisons using transcriptome 
analysis pipeline in Partek Flow. We then examined the effects 
on various pathways and disease/function by employing a 
“core analysis module” in the ingenuity pathway analysis 
(IPA) application (Qiagen). The results revealed alterations 
in pathways related to Molecular Mechanisms of Cancer, the 
Wnt Pathway, Th1/Th2 immune pathways, and the LXR/
RXR nuclear receptor pathway.

Finally, we performed metabolomics in animals on the two 
diets. The reason for doing so was two-fold. First, we wished 
to determine whether there are metabolite changes associated 
with exposure to a HFD vs. SD that might prove applicable 
as pharmacodynamic biomarkers of humans consuming high 
levels of fructose. This is particularly important since it has 
been proposed that a HFD induces a variety of metabolic 
changes that may contribute to the development of diabetes 
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or heart disease. Second, our prior studies [7, 24] had shown 
that the use of the high-fat diet, which also enhances tumor 
development in the MNU-induced model, altered a variety of 
metabolic pathways, and the question arose whether exposure 
to a HFD might elicit some of the same metabolic changes.

Materials and Methods
Animal treatments

The MNU-induced model of ER+ rat mammary cancer 
[6, 7], which has routinely been employed in screening chemo 
preventive agents, was used to evaluate the effects of altered 
diet. We utilized both the standard protocol, which calls for 
an injection of MNU into Sprague-Dawley rats at 50-57 
days of age (DOA, “early exposure”) and a modified protocol, 
whereby MNU was injected at 100 DOA (“late exposure”). 
The rationale for the late exposure was that it allowed for 
longer exposure to the modified diet (standard exposure HFD 
DOA 50-200; late exposure HFD DOA 43-300). In these 
experiments, the MNU dose was reduced from 75 mg/kg to 
50 mg/kg due to the high toxicity we observed in preliminary 
studies when the rats were injected at 100 days. All animal 
studies were conducted under a protocol approved by the 
University of Alabama at Birmingham Institutional Animal 
Care and Use Committee.

For the early exposure protocol, twenty-eight-day-old 
female Sprague-Dawley rats were obtained from Harlan 
Sprague-Dawley, Inc. and placed on a standard 4% Teklad diet 
(SD; catalog# 7001; 3.0 kcal/gm, Envigo, Madison, WI; Table 
S1) upon arrival. At 50 DOA, half of the rats were switched to 
an isocaloric Teklad 60% high-fructose diet (HFD; catalog# 
TD.89247; 3.6 kcal/gm; Table S1). At 57 DOA, all of the rats 
were injected with a single dose of MNU as described above. 
Rats were palpated 2x/week for mammary tumors. The rats 
were sacrificed at approximately 200 DOA. The euthanasia of 
all study groups was carried out by CO2 asphyxiation. The rats 
were sacrificed at approximately 200 DOA. The euthanasia 
of all study groups was carried out by CO2 asphyxiation. At 
the termination of the studies, all of the mammary tumors 
were weighed. Ten tumors from each group were fixed in 10% 
formalin for histology, stained with Hematoxylin and Eosin 
(H&E), and histologically classified by a board-certified 
pathologist (MMJ). All tumors were diagnosed as minimally 
invasive adenocarcinomas. Ten additional tumors were snap-
frozen for subsequent RNA studies.	For the late exposure 
protocol, rats were placed on SD or HFD at 43 DOA. At l00 
DOA, they were injected via the jugular vein with 50 mg/kg 
of MNU dissolved in saline. Rats were palpated weekly for 
mammary tumors. The rats were sacrificed at approximately 
300 DOA. At day 98 (2 days prior to MNU treatment) and at 
the end of the study, serum was collected from rats on the SD 
or HF diet to be employed in the metabolomics studies.

Statistical methods for prevention studies
For comparisons between groups, the Mann-Whitney Rank 

test was used in the analyses of final mammary tumor weights 
and tumor multiplicity as previously described [7]. Log-rank 

analysis was employed to determine tumor latency [6].

RNA library preparation and sequencing
Total RNA from 50 µg mammary tissue was extracted 

using the mRNeasy mini kit from Qiagen (Cat# 217004, 
Redwood City, CA, USA) according to the manufacturer’s 
recommendation. The RNA quality was analyzed using the 
agilent RNA 6000 nano kit (Cat# 5067-1511) and agilent 
2100 bioanalyzer system (2100 bioanalyzer instrument, cat# 
G2939BA, 2100 expert software, Santa Clara, CA) [25]. Only 
samples with high RNA quality (RNA integrity number of 9 
or higher) were processed further. 500 ng of total RNA was 
used for the library preparation using the Illumina TrueSeq 
stranded mRNA library prep kit and standard protocol 
(Cat # 149 RS122-2101, Illumina Inc. San Diego, CA). The 
fragment size of the library was analyzed using the agilent 
DNA 1000 Kit, and the concentration of DNA in the library 
was measured using the Qubit 1xdsDNA HS assay kit (Cat# 
Q33230) and qubit fluorometer (Cat# Q33226, ThermoFisher 
Scientific, Waltham, MA) using the protocol suggested by the 
manufacturer. An equal amount of the library from samples 
was pooled (4 µl) and sequenced on an Illumina NextSeq 550 
using the NextSeq 500/550 High Output v2 kit (75 cycles, 
Cat# FC-404-2005, Illumina Inc. San Diego, CA). The 
steps and program for sequencing and data collection were 
followed. Sequence files were generated in the FASTQ format 
at Illumina BaseSpace.

Differential expression and pathway analysis
FASTQ files were imported and analyzed using the 

following pipeline in the PartekFlow genomic analysis 
software (Partek, St. Louis, MO, USA). The 75 bp sequence 
was trimmed to 73 bp based on a Phred score of 30 or 
higher. The reads (~ 35-50 million/sample) were aligned to 
the Rattus norvegecus reference genome (rn6) using STAR 
aligner (2.5.3a). A prebuild R. norvegecus index (rn6- RefSeq 
Transcript 82-2017-08-02) was used as the reference for 
transcript build and count. These counts were normalized 
using the counts per million method. Differential gene 
expression (p-value and fold-change) was calculated using the 
LIMA (Lognormal with shrinkage) model.

The threshold for identifying differences between the 
control and treatment group is reported in the Results section. 
Datasets containing gene identifiers and corresponding 
expression values (fold change) generated from the control 
and treatment conditions were uploaded into IPA software 
(Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood 
City, http://www. qiagen.com/ingenuity, Version 60467501, 
dated 1/19/2020 [26]). The information in the ingenuity 
knowledge base (Genes Only) as a reference set that considers 
both direct and indirect relationships and all species (human, 
rat, mouse) was applied towards analysis. The gene list was then 
subjected to disease and function (GO) analysis to evaluate 
over-represented signaling pathways, biological processes and 
functions using expression “core analysis” workflow. IPA Core 
analysis module was also run to cluster the genes based on 
biological functions and IPA compare function was used to 
identify the genes that were common among different pathways 
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and disease conditions. Furthermore, my pathway and pathway 
designer tool was applied to create a visual representation of 
genes that were shared or unique among different signaling 
pathways. The “grow” tool in IPA was applied to overlay the 
disease and signaling pathways.

Metabolomic analysis of the effects of diet on mammary 
tumor metabolism

The serum was stored at -80 °C until processed. The 
processing and metabolomics analytical procedures were 
carried out as described recently [6, 22, 25] and are based on 
analytic methods developed by Metabolon [26, 27]. Specific 
dietary control animals not administered MNU (5 rats per 
group) were run in parallel to the 100-day-old study. The 
groups were: control SD 98 DOA, HFD 98 DOA, control SD 
300 DOA, and HFD 300 DOA. At the indicated time points, 
animals were sacrificed, and sera was collected and stored in 
liquid nitrogen.

Mass spectrometry analysis
Non-targeted MS analysis was performed at Metabolon, 

Inc. Extracts were subjected to either GC184 MS or UPLC-
MS/MS [27, 28]. The chromatography was standardized 
and once the method was validated, no further changes were 
made. Each vacuum-dried sample was dissolved in injection 
solvent containing eight or more injection standards at fixed 
concentrations, depending on the platform. Samples to be 
analysed by GC-MS were dried under vacuum desiccation 
for a minimum of 18 h prior to being derivatized under 
dried nitrogen using bistrimethyl-silyltrifluoroacetamide. 
Derivatized samples were separated on a 5% diphenyl/95% 
dimethyl polysiloxane fused silica column (20 m × 0.18 
mm ID; 0.18 um film thickness). Samples were analyzed 
on a Thermo-Finnigan Trace DSQ fast-scanning single-
quadrupole MS using electron impact ionization (EI) and 
operated at unit mass resolving power. The scan range was 
from 50-750 m/z. Metabolites were identified by automated 
comparison of the ion features in the experimental samples to 
a reference library of chemical standard entries that included 
retention time, molecular weight (m/z), preferred adducts and 
in-source fragments, as well as associated MS spectra. They 
were curated by visual inspection for quality control using 
software developed at Metabolon [27].

Results
Effects of diet on mammary tumor development

To examine the effects of diet on tumor development, 
metabolism, and tumor RNA expression, we evaluated the 
effects of SD and HFD (Table S1) in the MNU-induced rat 
model of mammary cancer. Carcinogen treatment with MNU 
was performed at two different time points. In the “early 
exposure” protocol, rats were injected intravenously (IV) with a 
single dose of 50 mg/kg MNU via the jugular vein at 57 DOA 
and followed until 200 DOA (approximately 150 days after 
initiating MNU treatment). In the “late exposure” protocol, 
rats were placed on a SD or HFD at 50 DOA and treated with 

50 mg/kg of MNU at 100 DOA. Rats were palpated weekly 
and followed until approximately 300 DOA (approximately 
250 days post-MNU). In the early exposure study, the 
HFD group did not exhibit any significant changes in body 
weights relative to the SD group. This was expected since the 
two diets were isocaloric. The difference in tumor incidence  
(Figure 1A) between the two dietary groups, although not 
striking, did achieve statistical significance when employing 
a log-rank analysis. The difference in tumor multiplicity  
(Figure 1B) was more pronounced yielding roughly a two-
fold increase in tumor multiplicity (P < 0.05 Mann Whitney 
nonparametric rank test). We also observed an increase in final 
tumor weights of approximately 35% when comparing tumors 
from rats on a HFD diet to those on a SD, although it did not 
achieve statistical significance (data not shown).

In the late exposure study, in which MNU was 
administered at 100 DOA and the animals were sacrificed 
200 days post-MNU, the HFD group similarly did not 
exhibit any significant changes in body weight relative to the 
SD group despite having been on the HFD for almost 8.5 
months. Although there appears to be a marginal difference in 
tumor incidence (Figure S1A) and more clearly, in final tumor 
multiplicity (Figure S1B) when comparing the HFD and SD 
groups, neither of these effects were statistically significant. The 
rats on the HFD exhibited an approximately 2-fold increase in 
final tumor weights relative to those on the SD (2.94 g in the 
HFD group vs. 1.44 g in the SD group), but this value did not 
reach statistical significance (0.1 > P > 0.05).

Effects of diet on serum metabolites
Five rats each from the late exposure SD and HFD 

groups were euthanized at 98 DOA and sera from 5 rats per 
group were also obtained at the end of the study (300 DOA). 
Sera from both groups of rats were collected and quick-frozen 
for metabolomics analyses. Serum metabolite levels were 
markedly different in rats fed a HFD compared to those fed 
a SD (Figure 2A-D, Table S2). The only changes presented 
are those that were consistent at both time points (98 and 300 
DOA). As expected, based on the fact that the SD employs 
a soy mixture as a protein source, a variety of metabolites 
specifically associated with soy (e.g., genistein and daidzein) 
were high in the SD group (Table S2). Not unexpectedly, 
higher levels of fructose (2 to 2.5-fold) were observed in 
rats on the HFD (data not shown). In addition, there were 
a variety of metabolic pathways altered in animals fed an 

Figure 1: Effect of HFD on tumor incidence and multiplicity in the early 
exposure protocol. Rats were placed on the HFD at 50 DOA and treated 
with MNU (50 mg/kg BW) at 57 DOA. (A)- Tumor incidence and (B)- 
multiplicity were determined twice per week by palpation.
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HFD. Altered expression of various diacylglycerols (e.g., 
decreases in linoleoyl-arachidonyl-glycerol and palmitoyl-
linoleoylglycerol and increases in palmitoyl arachidonly-
glycerol) were observed in serum (Figure 2A and Table S2) 
and livers from the same rats (data not shown). A surprising 
decrease in certain mono or dihydroxy fatty acids that are 
mediators of inflammation, including 9 and 13 HODE, 12,13 
DHOME, and 5,6 DiHete, was also observed (Figure 2B). 
One additional class of metabolites that is greatly increased 
in the HFD rats and which may be related to gut microbes, is 

that containing the various primary and secondary bile acids 
(deoxycholate, hydrodeoxycholate, and 6-oxolithocholate) 
(Figure 2C and Table S2). There were reductions in the levels 
of various sphingolipids, polyunsaturated fatty acids (n3 and 
n6) (Figure 2D) and several metabolites associated with 
benzoate metabolism (Table S2). Interestingly, the levels of 
various tocopherol metabolites were also significantly altered.

Effects of diet on RNA expression in tumors (early protocol)
To investigate the genes and pathways affected in the 

Figure 2: Relative levels of metabolites in sera from rats on an HFD or SD at 183 DOA and 300 DOA. Rats were placed on the respective diets at 43 days of 
age. (A)- Serum levels of diacylglycerols. (B)- Serum levels of mono- and dihydroxy-fatty acids, which are potentially immunomodulatory. (C)- Serum levels of 
secondary bile acids. (D)- Serum levels of polyunsaturated fatty acids.
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studies outlined above, we employed RNA sequencing on 
mammary tumor tissue isolated from rats on the SD (N 
= 6) and from rats on the HFD (N = 4) at the end of the 
study. When we examined the RNAs of the two groups using 
a principal component analysis, we found that they were 
distinctly different (Figure 3A). The six samples from the 
SD group clustered together, while three of the four samples 
from the HFD group clustered together. However, all four 
were clearly separated from those in the SD group. Of the 
8085 sequences mapped, 880 genes showed altered expression 
(p-value < 0.05, fold-change (FC) > 1.5), 662 showed increased 
expression and 228 showed decreased expression (Table S3). 
A visual representation of the genes that were significantly 
upregulated or downregulated is presented in a volcano plot 
(Figure 3B). When the data was corrected for multiple testing 
using Benjamini-Hochberg (BH) method and transcripts were 
analyzed using more stringent criteria (BH false discovery 

rate (FDR) < 0.07 and 1.5-fold-change in gene expression), 
87 genes showed altered expression (42 genes increased and 
45 genes decreased, Table S4). The genes that were found to 
be altered when using the more stringent criteria are marked 
bold in the list of genes associated with major pathways  
(Table 1 and S5). The 880 genes obtained using the less-
stringent cut-off (BH FDR < 0.2, p < 0.05, FC 1.5 -up or -down) 
were analyzed by IPA (setting: direct and indirect analysis; 
confidence all species include human, mouse and rat and all 
cell lines and tissue) to determine the molecular pathways and 
associated diseases/functions affected in the HFD-treated 
animals. The most significantly affected pathways include 
those related to Th1 and Th2 activation, molecular mechanisms 
of cancer, antigen presentation pathway, Wnt β-catenin 
and the LXR/RXR activation pathways. All pathways were 
significant at levels p < 5 × 10-6 and remain highly significant 
after corrections were made for multiple comparisons. In  
table 1, we present the data associated with these five pathways, 

including statistical analyses (with or without corrections for 
multiple analyses), the number of elements in each pathway, 
the number of elements identified by our RNA sequencing, 
and the numbers of genes that were identified as being altered 
when the less stringent statistics were applied. We also present 
the individual genes altered in each of the pathways, including 
the individual genes that were highly significant with a BH 
correction (marked bold). In general, 15-35% of the identified 
genes in a given pathway are found to have altered expression 
when the less-stringent RNA criteria are employed. These 
altered pathways include genes associated with mechanisms of 
cancer and the Wnt pathway, which is clearly associated with 
cancer in a number of organs. In addition, there were changes 
in pathways associated with the immune response and genes 
associated with the LXR/RXR nuclear receptor pathway 
(which affects both lipid metabolism as well as immune 
functioning in macrophages and certain cells associated with 
the innate immune response). The changes in the pathway 
associated with the mechanism of cancer and the Wnt pathway 
would seem to agree with the enhanced tumor progression 
observed in rats on an HFD. It has often been hypothesized 
that high-fat or high-fructose diets may be associated with 
a proinflammatory state, which may contribute to the overall 
development of tumors. This alteration in the immune response 
partially reflects the alterations in the LXR/RXR nuclear 
receptor pathway. A few pathways that are critical for tumor 
metastasis, such as the regulation of epithelial-mesenchymal 
transition and neuroinflammation signaling pathways, were 
also significantly represented (BH multiple correction values < 
0.05) in the HFD-fed animals. In order to give readers a visual 
representation of the gene expression changes in individual 
samples associated with these pathways, we present two heat 
maps associated with the immunologic (Th1/Th2) pathways 
(Figure 4A) and with the RXR/LXR pathways (Figure 4B). 
These two figures show that for these two pathways, the heat 
maps for tumors from the SD and HFD animals are quite 
distinct. However, if we only examine the genes that were 
significant after a correction for multiple testing, only 1/15 
genes (CD14) in the LXR/RXR pathway and 0/23 genes for 
the Th1/Th2 pathway achieved significance. This emphasizes 
the strength of pathway analysis as contrasted with the 
examination of individual genes. In general, gene expression in 
both pathways is increased in tumors from rats on the HFD. 

Finally, to perform a secondary confirmation of the results 
examining the generalized pathways above, we employed 
analysis directed to more specific disease-related process and 
function in IPA (Table 2). We present three pairs of disease-
related processes: A) immune-related pathways (Leukocyte 
Migration and Quantitation of T Cells), B) cell survival 
pathways (Organismal Survival and Apoptosis) and C) 
cancer pathways (Epithelial Neoplasms and Gastrointestinal 
Cancers). It is worth noting that the statistical significance 
of most of these pathways is profound, either corrected or 
uncorrected for multiple comparisons; and that the Leukocyte 
Migration pathway and Quantitation of T Lymphocytes are 
both increased, while the Organismal Survival and Apoptosis 
pathways are both decreased.

Figure 3: A global overview of gene expression levels among all of the controls 
(n = 6) and high fructose-treated animals (n = 4). (A)- Principal component 
analysis (PCA) of gene expression of animals were evaluated. The x-, y- and 
z-axes of the three-dimensional space define the three components PC1, PC2 
and PC3 respectively. The distance between the points reflects the variance in 
gene expression among them. PC1, PC2 and PC3 accounted for 31.7%, 22.1%, 
and 14.4%, respectively, of the contribution to the variance. (B)- Volcano plots 
for differentially expressed genes between the control group and animals fed 
an HFD are presented. Each gene is marked as a dot (p < 0.007, FDR < 0.2, 
up-or down-regulated > 1.5-fold). Those genes that are up-regulated are shown 
in red, and the down-regulated genes are represented by green dots. The grey 
horizontal lines denote the p-value threshold (p < 0.007) and the vertical lines 
the fold-change cutoff (> 1.5).
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In figure 5, we present graphically the relationship 
between the genes mediated in three of the Pathways 

identified in table 1 (molecular mechanisms of cancer, Wnt-β 
catenin, LXR/RXR activation). The genes altered in the 
molecular mechanism of cancer and the Wnt pathways have 
substantial overlap. In contrast, the LXR/RXR Pathway has 
no overlap with the Wnt pathway and modulation of only a 
single gene compared with molecular mechanisms of cancer 
(Figure 5A). When canonical pathways (CP) were overlaid on 
the disease/function in IPA, there was limited overlap between 
molecular mechanism of cancer or Wnt-β catenin and LXR/
RXR pathways (Figure 5A); however, the genes in all three 
CP contributed to the disease process of “cancer of cells” 
highlighting the contribution of different pathways towards 
a common disease/function. Similarly, both CPs epithelial-
adherence junction and molecular mechanism contributed 
towards cancer of cells with little overlap among the genes 
between the pathways (Figure 5B).

Discussion
While the risk for breast cancer has been associated with 

obesity [9-11, 29] and higher intakes of sweet foods (a.k.a. 
the Western Diet) with the increased consumption of high 
fructose corn syrup [30-34], the extent to which various 
dietary components increase breast cancer risk is still unclear. 
The increased consumption of fatty acids and/or sugars, 

Table 1: Canonical pathways altered in HFD condition.

Ingenuity canonical 
pathways

p- value 
(Fisher’s 

exact test )

p-value 
(B-H 

multiple 
testing 

correction

Molecules 
present 

(p-value < 
0.05, FC 

1.5)/ total 
molecule in 

pathway

Total 
molecules 
mapped/ 

present in 
pathway

Molecules

Molecular Mechanisms 
of cancer 2.8 × 10-6 2.1 × 10-4 37/388 225/388

RAC2, PIK3CA, PA2G4, NFKBIE, ADCY4, LRP6, RHOT2, 
NCSTN, FZD1, HIF1A, NFKB1, CDK10, TGFBR2, 
SHC1, ZBTB17, BMPR1A, TGFB1, HIPK2, RASA1, ATM, 
ITGB1, CCNE2, LRP5, PTCH1, SMAD6, SMAD7, APC, 
NF1, FOXO1, APH1A, RHOA, CDK11A, BMP7, JAK3, 
CTNND1, FZD7, PSEN1

Epithelial adherens 
junction signaling 8.3 × 10-7 1.3 × 10-4 21/150 86/150

SNAI2, MYH9, LMO7, ACTB, TGFBR3, ACVR1, 
IQGAP1, ACVR1B, APC, MET, TGFBR2, MYL9, 
NOTCH4, ACTR3, RHOA, BAIAP2, NECTIN1, ACVR2A, 
ACTN1, NECTIN2, CTNND1

Regulation of the 
epithelial mesenchymal 
transition pathway

6.1 × 10-5 3.0 × 10-3 21/193 91/193
PIK3CA, ID2, SNAI2, PARD6B, NCSTN, HIF1A, FZD1, 
ZEB1, NFKB1, APC, MET, TGFBR2, NOTCH4, TGFB1, 
APH1A, RHOA, JAK3, CLDN3, ATM, FZD7, PSEN1

Wnt/β-catenin 
Signaling 2.6 × 10-4 7.2 × 10-3 18/169 84/169

GJA1, LRP5, FRZB, CSNK1G2, TGFBR3, LRP6, ACVR1, 
FZD1, ACVR1B, APC, TGFBR2, CDH5, TGFB1, DKK3, 
PPM1L, UBC, ACVR2A, FZD7

Th1 and Th2 activation 
pathway 1.8 × 10-6 1.7 × 10-4 23/180 77/180

PIK3CA, ICAM1, HLA-A, IFNGR2, HLA-DQA1, 
NCSTN, NFKB1, ITGB2, LOC100909593/RT1-DMa, 
NOTCH4, LOC100909630/RT1-DMb, APH1A, HLA-
DRA, JAK3, IFNAR1, HLA-DRB5, ATM, PSEN1

Antigen presentation 
pathway 2.7 × 10-7 1.2 × 10-4 11/38 17/38 B2M, CALR, HLA-A, PDIA3, HLA-DRA, HLA-DQA1, 

CANX, CD74, TAPBP, HLA-E, HLA-DRB5

LXR/RXR activation 1.5 × 10-4 5.1 × 10-3 15/121 55/121
APOE, SERPINF1, ABCG1, IRF3, PCYOX1, IL1R1, 
NFKB1, LYZ, SREBF1, IL1RN, CD14, TLR3, TNFRSF1B, 
CLU, TNFRSF11B

Figure 4: Heat map representing expression levels of differentially expressed 
genes (p < 0.05, up-or down-regulated > 1.5-fold) in animals on a SD (controls, 
n = 6) or an HFD (n = 4). Differentially expressed genes were analyzed by IPA. 
(A)- Heat map of genes enriched in the Th1 and Th2 pathways. (B)- Genes 
enriched in the RXR/LXR pathway. Red blocks: genes up regulated, green 
blocks: genes down regulated.
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in addition to inducing an obese state, can also alter the 
metabolic profile of an individual, leading to a pre-diabetic 
state and potentially altering tumor development. In fact, a 
number of epidemiologic studies have shown an association 
between a high glycemic index, routinely associated with 
high levels of sugar intake and susceptibility to breast cancer 
[13, 14]. Recent studies by Gunter et al. [35] have suggested 
that the metabolic health of the individual, rather than 
obesity itself, maybe a key risk factor for breast cancer and 
demonstrated that the levels of fasting insulin are associated 
with an increased risk for breast cancer. Furthermore, the 
consumption of a high sugar diet (sucrose or fructose) has 
resulted in an increase in tumor growth in a mouse model of 
triple-negative (ER-PR-Neu- 297) breast cancer [17]. The 
authors attributed the increased tumor development in part 
to alterations in the production of eicanosoids in the tumor. 
Furthermore, in a preclinical mouse model of colon cancer, 
high levels of fructose administered in water caused significant 
weight increases, and a rapid increase in colon cancer was 
observed [18]. Chemopreventive agent testing in the MNU 
models has routinely been conducted in rats on normal chow 
diets that maintain optimal animal weight and health but have 
lower levels of fat and simple sugars than the standard human 
diet. Thus, the standard chow diets routinely employ complex 
carbohydrates with simple sugars such as sucrose representing 
roughly 5% of caloric intake; humans may be more likely to 
ingest significant amounts of simple sugars such as fructose or 
sucrose. Our laboratory has been conducting experiments to 
compare ER+ mammary tumor development and the response 
to Chemopreventive agents between MNU-treated rats on 
a SD and MNU-treated rats on either a Western diet (high 
fat, low calcium) or an HFD. One should note that the HFD 
we employed was isocaloric with the standard diet and that 
could explain the lack of significant change in weight increase 
in the present study. This is unlike the other mouse models, 
triple-negative breast cancer or the mouse colon study, in 
which high fructose resulted in substantial increases in body 
weight [8]. We recently reported data comparing the SD to a 
Western diet in control groups as well as groups treated with 
five different preventive agents (tamoxifen, the aromatase 
inhibitor vorozole, the RXR agonist Targretin, Lipitor and 
metformin) [7, 24]. Those studies showed that the Western 
diet altered tumor development, decreasing tumor latency 
and increasing tumor multiplicity and final tumor weights. 
However, the response to the various effective (tamoxifen, 
vorozole, or Targretin) or ineffective (Lipitor or metformin) 
preventive agents was the same on either diet. The increases 
in tumorigenesis in rats on the Western diet were associated 
with increased body weight, which may itself affect the results. 
The present study focuses on the effects of an isocaloric, HFD 
on breast cancer formation. We hypothesized that rats on an 
isocaloric diet would not gain excessive amounts of weight but 
would demonstrate altered metabolism as a result of the high 
intake of fructose. Thus, any changes in tumor progression 
observed would be independent of weight gain.

In examining the effects of the HFD in the MNU-
induced model of ER+ mammary cancer, we employed two 
different protocols. The first, the “early exposure” protocol in 

which MNU is administered to adolescent rats at 50 DOA, 
is the standard protocol [2, 3, 6, 7]. The second, the “late 
exposure” protocol, employs older perimenopausal rats (100 
DOA at the time of MNU exposure) with a monitoring period 
of approximately 200 days. In the early protocol, the HFD 
(Figure 1) resulted in a significant (as determined by log-rank 
analysis) decrease in tumor latency in rats administered MNU. 
This was accompanied by an increase in tumor multiplicity 
in rats on the HFD of almost 2-fold (P < 0.05). Although 
not statistically significant, the average tumor weights were 
also increased by approximately 35%. The reduction in tumor 
latency and increase in tumor multiplicity in the early MNU 
protocol was surprising since rats were on the HFD for only 
about 8 weeks when tumors started to develop (50 DOA to 
106 DOA). Our expectation was that we might observe more 
striking results when employing the late model since rats were 
on the HFD diet for approximately 180 days when tumors 
start to appear (43 DOA HFD initiated, 100 days MNU; 
120 days post-MNU (Suppl. Figure 1). Although the tumor 
latency was decreased and the tumor multiplicity and tumor 
weight were increased in the HFD group compared to the 
SD group enrolled in the late protocol, none of the differences 
reached statistical significance. This was most likely due to 
the presence of fewer proliferating mammary epithelial cells 
in the older rats (Grubbs, unpublished data) resulting in 
tumor incidences and multiplicities (1.9 in the HFD group 
and 1.2 in the SD group) that were significantly lower than 
in the early protocol (tumor multiplicities of 6.0 and 2.7 in 
the HFD and SD groups, respectively) despite the fact that 
they were followed for more time (140 days post-MNU early 
study vs. 200 days post-MNU delayed study). This means 
that the use of the late protocol requires more animals and 
a longer observation period, hurdles that have routinely been 
encountered when employing this model.

We examined RNA expression in mammary tumors 
derived from SD and HFD rats in the early exposure protocol. 
The rationale for examining RNA expression in samples 
generated under this protocol was that the tumors in the HFD 
rats had a shorter latency and higher multiplicity than tumors 
derived from rats on the SD. A principal component analysis 
revealed that RNA expression in the SD and HFD group was 
distinctly different. On an individual gene level, approximately 
10% of genes were identified as being differentially expressed 
(880 of 8085 sequences (p-value < 0.05, FC > 1.5 -up or 
-down)). However, this number was reduced to 1% (87/8085) 
when more stringent criteria (BH FDR < 0.07, p < 0.007 and 
1.5 FC) were employed. In addition, we present a volcano plot 
(Figure 3B) which gives a visual representation of the genes 
that are statistically different in expression between tumors 
from the animals on the two diets. The 880 genes identified 
using the less stringent criteria were analyzed with IPA using 
the core analysis module to determine the molecular pathways 
affected in HFD-treated animals (Table 1). The various 
pathway changes we observed include Molecular Mechanisms 
of Cancer, which agrees with the enhanced tumor progression 
observed in rats on an HFD. Furthermore, the specific genes 
and sub pathways associated with the molecular cancer 
pathways recommend avenues to examine the ability of a HFD 
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to enhance tumor formation. A number of the genes identified 
in the Molecular Cancer Pathways were also identified in the 
Wnt/Beta-catenin signaling pathway. Interestingly, when we 
looked at the subset of disease related pathways employing 
IPA analysis, there were a variety of pathways associated 
with abdominal cancer (Table 2). This is not surprising since 
alterations, typically mutations, in the Wnt/Beta-catenin 
pathway are indeed the most common alteration observed in 
sporadic colon and intestinal cancer. The Wnt pathway is also 
significant in breast cancer where it plays a role in cell growth, 
differentiation, and stem cell self-renewal [36]. Multiple 
genes involved in the Wnt signaling pathways were altered 
in expression, including APC, TGFβ1, TGFβ1 Receptor, 
and multiple members of the G-protein-coupled receptor 
“frizzled” family. The Wnt pathway is also involved in breast 
cancer. Thus, high expression of Wnt 1 under the control of 
an MMTV promoter induces breast cancer in mice [37] and 
yields two distinct histopathologic breast cancer subclasses 
based on RNA profiling [38]. In addition, our examination of 
the disease pathways elicited strong signals from cell survival 
and apoptotic pathways, which reasonably can contribute to 
cancer development as well (Table 2).

It has been hypothesized that high-fat or high-fructose 
diets are associated with an altered immune response, which 
may contribute to the overall development of tumors. In fact, 
the preponderance of the genes in the Th1/Th2 pathway are 
overexpressed in tumors from rats on the HFD. However, 
the effects on the immune pathways observed in the tumors 
is complex. While activation of Th1 cells has often been 
associated with a better prognosis in certain cancers, activation 
of suppressor-related immune cells, either regulatory T cells 
(Th2 pathway) or suppressing monocytes, has often been 
seen as a poor prognostic factor. The activation of the Th2 
pathway and the possibility of enhancing regulatory T cells 
appear to be preferentially altered in the T cell activation 
(data not shown). When we performed analysis of the altered 
genes in IPA employing the disease and function feature, 
we found that a variety of immune related pathways (e.g., 

leukocyte migration and number of T cells) were strikingly  
(P < 10-14) increased in tumors from rats fed the HFD  
(Table 2). In addition, and in agreement with our observed 
alterations in the immune response, the LXR/RXR pathway, 
which is activated (see below), can, via alterations in lipid 
metabolism, alter proinflammatory gene expression in 
macrophages. In addition to altering genes associated with 
cell-mediated immune response, the gene pathway associated 
with antigen presentation was also altered. Another pathway 
that showed increased expression included genes associated 
with LXR/RXR activation. This is presumably mediated by 
an increased production of metabolites that can function 
as ligands of LXR. This may have significant effects on a 
variety of metabolic processes and on the development of 
diabetes, both of which are associated with LXR activity [39]. 
Taken together, these results emphasize that the HFD had 
significant effects on various aspects of the immune system. 
It should be noted that the high-fat Western diet, which also 
reduced tumor latency and increased tumor multiplicity, failed 
to alter the same pathways observed with the HFD (Table 
1). In figure 5, the relationship between the genes altered 
in a few canonical pathways identified in table 1 (molecular 

mechanisms of cancer, Wnt-βCatenin, LXR/RXR activation) 
is presented graphically. The genes altered in the molecular 
mechanism of cancer and the Wnt pathways have striking 
overlap as might be expected since the Wnt pathway is a major 
component of cancer development in multiple organs. In 
contrast, the LXR/RXR Pathway has no overlap with the Wnt 
pathway and modulation of only a single gene compared with 
molecular mechanisms of Cancer (Figure 5A). Parenthetically 
the two pathways in table 1 related to epithelial adherens 
junction signaling and molecular mechanisms of cancer, 
show few gene overlaps (Figure 5B) but all genes in the two 
pathways contribute to the process of “Cancer of Cells”. 
The contribution of many unrelated signaling pathways that 
converge to the cancer process supports our finding that a high 
fructose diet is contributing to increased tumor incidence and 
multiplicity in the current study.

Table 2: Altered disease and function-related pathways.

Categories
Diseases or 
functions 
annotation

p-value B-H p-value Predicted 
activation state

# Molecules in 
the exp dataset

# of Genes 
that follow 

the direction

Cellular movement, immune cell 
trafficking Leukocyte migration 5.78E-16 5.31E-13 Increased 114 65

Hematological system development 
and function, lymphoid tissue 
structure and development, tissue 
morphology

Quantity of T 
lymphocytes 6.09E-10 9.16E-08 Increased 67 39

Cell death and survival Cell survival 2E-09 2.43E-07 Increased 135 89

Cell death and survival Apoptosis 1.12E-13 4.56E-11 Decreased 237 113

Cancer, organismal injury and 
abnormalities Epithelial neoplasm 4.44E-21 2.47E-17 Did not predict 754 NA 

Cancer, organismal injury and 
abnormalities

Abdominal 
carcinoma 8.61E-19 1.27E-15 Did not predict 720 NA 

Cancer, organismal injury and 
abnormalities Cancer of cells 1.61E-13 4.50E-10 Increased 409 301
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There were two major reasons for performing metabolomics 
systematically in animals administered the two different diets. 
The first was to determine whether there were metabolic 
changes that might help to identify animals and potentially 
humans consuming higher levels of fructose. The other objective 
was to compare the metabolites in sera from rats on a HFD 
to those in the sera from rats on a high-fat diet [6]. There was 
minimal overlap between the metabolites altered by the two 
diets relative to the standard diet. However, we will discuss only 
a limited number of metabolic pathways for purely practical 
reasons and will present a more complete analysis in a separate 
publication. Furthermore, as mentioned above, we are only 
including those metabolites altered by the HF diet which were 
consistent at both time points (either increased or decreased at 
both time points and in virtually all cases statistically significant 
at both time points). Not unexpectedly, there were a wide range 
of metabolites which differed between serum derived from rats 
on a HFD and that derived from rats on a SD. Rats on a HFD 
had increased levels of fructose. Additionally, a variety of specific 
metabolites (e.g., soy products such as genistein and daidzein) 

associated with the SD, which employs soy protein as a protein 
source, were found at much lower levels in rodents on either the 
HFD or on the Western diet, which do not employ soy. One of 
the more important observations of these studies is that there 
were also multiple classes of metabolites that were altered in 
animals on the HFD, including reduced levels of diglycerols and 
certain oxygenated lipid mediators indicative of inflammation. 
Neither of these classes of metabolites were altered when 
comparing sera from rats on a Western diet and those on a 
SD. One might initially consider the decrease in oxygenated 
lipid mediators contrary to the expectation that a HFD will 
enhance inflammation. However, any clear interpretation of 
this result is complex since some of these metabolites may 
have pro-inflammatory or anti-inflammatory characteristics 
depending on cellular context. One additional metabolite class 
that is greatly increased in rats on the HFD, but no those on the 
Western diet, are the various primary and secondary bile acids 
(deoxycholate, hydrodeoxycholate, and 6- oxolithocholate). It 
is hypothesized that these metabolites may reflect metabolism 
by the gut microbiota. This result is particularly interesting 
since there is recent evidence to suggest that the anti-diabetic 
effects of metformin may be, in part, related to its ability to 
alter the microbiome and thus produce great alterations in 
bile acids [40]. In fact, we have observed those effects with 
metformin in rats on a HFD (unpublished data). Finally, there 
were metabolic changes in certain metabolites that have been 
shown to be associated with diabetes and insulin resistance, for 
example, increases in 2OH butyrate/2OH isobutyrate [41]. In 
addition, as presented in the supplementary tables, there were 
decreases in levels of sphingolipids and various benzoate-related 
metabolites (catechol sulfate and 4-vinyl phenol sulfate). One of 
the most important aspects of these studies is that at both time 
points (98 and 300 DOA), we observed alterations in multiple 
metabolites associated with a given metabolic pathway rather 
than changes in a variety of random metabolites in multiple 
pathways, implying that the pathway changes are real. The 
metabolites and metabolic pathways identified in this study may 
serve as part of a potential panel of markers to identify persons 
consuming higher levels of fructose.

Conclusions and Possible Limitations
The studies presented in this manuscript yield a number 

of interesting findings and raise certain additional questions 
that should be considered in designing future studies. First, 
the results show that in the early (57 days old) exposure model 
of MNU-induced ER+ breast cancer, the use of an isocaloric 
HFD enhanced tumor development (shorter latency and 
greater tumor multiplicity) relative to the SD. This result is 
similar to what we reported in rats on a Western diet [7]. 
However, the Western diet was associated with a significant 
weight gain, which is routinely associated with more rapid 
tumor development. Parenthetically, certain of these prior 
studies added fructose in drinking water in addition to the 
standard diet resulting in substantial weight gain [16]. To avoid 
the confounding effects of a known contributor to the target 
cancer (weight gain) a nutritional approach was taken to use 
specific commercial diet sources to eliminate this variable. This 

Figure 5: Enrichment of differentially expressed genes in canonical pathways 
and disease/function features analyzed in IPA. The green fill is down-regulated 
and red fill is up-regulated genes (p < 0.05, FC = 1.5 -up or -down) between 
control group and animals fed with HFD. The shape represents the type of 
molecules (kinase, receptor etc.) as represented in the figure. There is little 
overlap between LXR/RXR and Molecular Mechanism of Cancer or Wnt/
beta-catenin pathway but most contribute to the disease/function cancer of 
cells. (A)- There is a limited gene shared between epithelial adherens junctional 
signaling and molecular mechanism of cancer but both pathways contribute to 
the function Cancer of Cells (B)- CP: Canonical Pathway, solid line represents 
the genes specific to pathway, dotted line represents the genes common among 
various canonical pathway and disease/function. CO: Correlation between 
the molecules and/or annotation and number indicate the literature finding 
curated in IPA knowledge base.
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approach makes the model system more generally applicable 
to its use as a screening method for preventive agents and in 
the long run more appropriate to human exposure since the 
effect on weight gain and obesity are well established. Since 
the rats only went on the HFD on day 50, and tumors started 
to develop in the HFD group by day 98, this implies that 
these physiologic changes that enhanced tumor growth occur 
rapidly. Second, the changes in RNA expression observed in 
tumors from the HFD appear to agree with the enhanced 
tumor development since we saw alterations in molecular 
cancer pathways including the Wnt pathways and pathways 
associated with metastasis. Additionally, immunologic 
pathways are particularly appealing for further analysis since 
the activation of the immune response (Th1 response, Th2 
response, monocyte activation, antigen presentation) may 
have either positive or negative effects on tumor growth. Third, 
the differences in various serum metabolites and metabolic 
pathways in the HFD rats are of interest and consistent at 
both time points: Potentially the most striking findings are 
the strong increases in expression of various primary and 
secondary bile acids that are thought to contribute to diabetes 
through the alteration of FXR expression and appear to be 
modulated by metformin as part of its mechanism of action 
[17]. Additionally, there were a number of metabolites that 
appear to be related to a diabetic/prediabetic state, including 
an increase in 2OH butyrate. Particularly interesting in view 
of the alterations in immune pathways observed in the tumors 
from fructose exposed rats are the altered expression of certain 
inflammation-related metabolites. Some combination of these 
metabolites, in addition to fructose levels, may prove useful 
in identifying persons who have consumed higher levels 
of fructose. These preliminary results, especially in the area 
of metabolomics, suggest future experimental approaches 
via the use of genetic knock-in and knock-out in vivo 
models to provide more definitive “cause and effect” data 
regarding alterations in gene pathways that lead to enhanced 
tumorigenesis.

Acknowledgment
Dr. Amit Kumar, and Dr. Ronald A. Lubet have contributed 

equally to this work. Dr. Grubbs was supported by NCI 
Contract Number HHSN261201200021I/HHSN26100005.  
Dr. Nelson was supported by NCI grant NCI P30 CA006973.

References
1.	 Krause N, Wegner A. 2020. Fructose metabolism in cancer. Cells 9(12): 

2635. https://doi.org/10.3390/cells9122635

2.	 Huggins C, Briziarelli G, Sutton H Jr. 1959. Rapid induction of 
mammary carcinoma in the rat and the influence of hormones on the 
tumors. J Exp Med 109(1): 25-42. https://doi.org/10.1084/jem.109.1.25

3.	 Huggins CB, Ueda N, Wiessler M. 1981. N-nitroso-N-methylurea 
elicits mammary cancer in resistant and sensitive rat strains. Proc 
Natl Acad Sci U S A 78(2): 1185-1188. https://doi.org/10.1073/
pnas.78.2.1185

4.	 Chan MM, Lu X, Merchant FM, Iglehart JD, Miron PL. 2005. Gene 
expression profiling of NMU-induced rat mammary tumors: cross 
species comparison with human breast cancer. Carcinogenesis 26(8): 
1343-1353. https://doi.org/10.1093/carcin/bgi100  

5.	 Gottardis MM, Jordan VC. 1987. Antitumor actions of keoxifene and 
tamoxifen in the n-nitrosomethylurea-induced rat mammary carcinoma 
model. Cancer Res 47(15): 4020-4024. https://doi.org/10.1016/0022-
4731(84)90944-0

6.	 Lubet RA, Steele VE, DeCoster R, Bowden C, You M, et al. 1998. 
Chemopreventive effects of the aromatase inhibitor vorozole (r 83842) in 
the methylnitrosourea-induced mammary cancer model. Carcinogenesis 
19(8): 1345-1351. https://doi.org/10.1093/carcin/19.8.1345

7.	 Lubet RA, Beger RD, Miller MS, Luster J, Seifried HE, et al. 
2018. Comparison of effects of diet on mammary cancer: efficacy of 
various preventive agents and metabolomic changes of different diets 
and agents. Cancer Prev Res (Phila) 11(12): 831-840. https://doi.
org/10.1158/1940-6207.capr-18-0116  

8.	 Strober JW, Brady MJ. 2019. Dietary fructose consumption and triple-
negative breast cancer incidence. Front Endocrinol (Lausanne) 10: 367. 
https://doi.org/10.3389/fendo.2019.00367

9.	 Cho E, Spiegelman D, Hunter DJ, Chen WY, Stampfer MJ, et al. 2003. 
Premenopausal fat intake and risk of breast cancer. J Natl Cancer Inst 
95(14): 1079-1085. https://doi.org/10.1093/jnci/95.14.1079

10.	 De Pergola G, Silvestris F. 2013. Obesity as a major risk factor for 
cancer. J Obes 2013: 291546. https://doi.org/10.1155/2013/291546

11.	 Matthews SB, Thompson HJ. 2016. The obesity-breast cancer 
conundrum: an analysis of the issues. Int J Mol Sci 17(6): 989. https://
doi.org/10.3390/ijms17060989

12.	 Duchaine CS, Dumas I, Diorio C. 2014. Consumption of sweet foods 
and mammographic breast density: a cross-sectional study. BMC Public 
Health 14: 554. https://doi.org/10.1186/1471-2458-14-554

13.	 Romieu I, Ferrari P, Rinaldi S, Slimani N, Jenab M, et al. 2012. 
Dietary glycemic index and glycemic load and breast cancer risk in the 
European prospective investigation into cancer and nutrition (epic). Am 
J Clin Nutr 96(2): 345-355. https://doi.org/10.3945/ajcn.111.026724

14.	 Dong J-Y, Qin L-Q. 2011. Dietary glycemic index, glycemic load and 
risk of breast cancer: meta-analysis of prospective cohort studies. Breast 
Cancer Res Treat 126(2): 287-294. https://doi.org/10.1007/s10549-
011-1343-3

15.	 Ouyang X, Cirillo P, Sautin Y, McCall S, Bruchette JL, et al. 2008. 
Fructose consumption as a risk factor for non-alcoholic fatty liver disease. 
J Hepatol 48(6): 993-999. https://doi.org/10.1016/j.jhep.2008.02.011

16.	 Thuy S, Ladurner R, Volynets V, Wagner S, Strahl S, et al. 2008. 
Nonalcoholic fatty liver disease in humans is associated with increased 
plasma endotoxin and plasminogen activator inhibitor 1 concentrations 
and with fructose intake. J Nutr 138(8): 1452-1455. https://doi.
org/10.1093/jn/138.8.1452

17.	 Jiang Y, Pan Y, Rhea PR, Tan L, Gagea M, et al. 2016. A sucrose-
enriched diet promotes tumorigenesis in mammary gland in part 
through the 12-lipoxygenase pathway. Cancer Res 76(1): 24-9. https://
doi.org/10.1158/0008-5472.CAN-14-3432

18.	 Goncalves MD, Lu C, Tutnauer J, Hartman TE, Hwang S-K, et al. 
2019. High-fructose corn syrup enhances intestinal tumor growth in 
mice. Science 363(6433): 1345-1349. https://doi.org/ 10.1126/science.
aat8515

19.	 Sowell A. 2021. Table 52-high-fructose corn syrup: estimated number 
of per capita calories consumed daily, by calendar year. In Sugar and 
Sweeteners Yearbook Tables; United States Department of Agriculture: 
Washington, DC, USA. 

20.	 Lu Y, Liu P, Wen W, Grubbs CJ, Townsend RR, et al. 2010. Cross-species 
comparison of orthologous gene expression in human bladder cancer and 
carcinogen-induced rodent models. Am J Transl Res 3(1): 8-27.

21.	 Pan J, Xiong D, Zhang Q, Szabo E, Miller MS, et al. 2018. Airway 
brushing as a new experimental methodology to detect airway gene 
expression signatures in mouse lung squamous cell carcinoma. Sci Rep 
8(1): 8895. https://doi.org/10.1038/s41598-018-26902-7



Journal of Obesity and Chronic Diseases  |   Volume 5 Issue 1, 2021 78

Effects of High-Fructose Diet vs. Teklad Diet in the MNU-Induced Rat Mammary 
Cancer Model: Altered Tumorigenesis, Metabolomics and Tumor RNA Expression Kumar et al.

22.	 Lu Y, You M, Ghazoui Z, Liu P, Vedell PT, et al. 2013. Concordant 
effects of aromatase inhibitors on gene expression in ER+ rat and 
human mammary cancers and modulation of the proteins coded by 
these genes. Cancer Prev Res (Phila) 6(11): 1151-1161. https://doi.
org/10.1158/1940-6207.capr-13-0126

23.	 Yao R, Wang Y, Lu Y, Lemon WJ, End DW, et al. 2006. Efficacy of 
the farnesyltransferase inhibitor r115777 in a rat mammary tumor 
model: role of Ha-ras mutations and use of microarray analysis in 
identifying potential targets. Carcinogenesis 27(7): 1420-1431. https://
doi.org/10.1093/carcin/bgi341

24.	 Cao Z, Miller MS, Lubet RA, Grubbs CJ, Beger RD. 2019. 
Pharmacometabolomic pathway response of effective anticancer agents 
on different diets in rats with induced mammary tumors. Metabolites 
9(7): 149. https://doi.org/10.3390/metabo9070149

25.	 Kennedy MW, Chalamalasetty RB, Thomas S, Garriock RJ, Jailwala 
P, et al. 2016. Sp5 and sp8 recruit β-catenin and Tcf1-Lef1 to select 
enhancers to activate Wnt target gene transcription. Proc Natl Acad Sci 
U S A 113(13): 3545-3550. https://doi.org/10.1073/pnas.1519994113

26.	 Kramer A, Green J, Pollard J Jr, Tugendreich S. 2014. Causal analysis 
approaches in ingenuity pathway analysis. Bioinformatics 30(4): 523-
530. https://doi.org/10.1093/bioinformatics/btt703

27.	 Evans AM, DeHaven CD, Barrett T, Mitchell M, Milgram E. 2009. 
Integrated, nontargeted ultrahigh performance liquid chromatography/
electrospray ionization tandem mass spectrometry platform for 
the identification and relative quantification of the small-molecule 
complement of biological systems. Anal Chem 81(16): 6656-6667. 
https://doi.org/10.1021/ac901536h

28.	 Ohta T, Masutomi N, Tsutsui N, Sakairi T, Mitchell M, et al. 2009. 
Untargeted metabolomic profiling as an evaluative tool of fenofibrate-
induced toxicology in fischer 344 male rats. Toxicol Pathol 37(4): 521-
535. https://doi.org/10.1177/0192623309336152

29.	 Gong Y, Dou L-J, Liang J. 2014. Link between obesity and cancer: 
role of triglyceride/free fatty acid cycling. Eur Rev Med Pharmacol Sci 
18(19): 2808-2820. 

30.	 Augustin LS, Dal Maso L, La Vecchia C, Parpinel M, Negri E, et 
al. 2001. Dietary glycemic index and glycemic load and breast cancer 
risk: a case-control study. Ann Oncol 12(11): 1533-1538. https://doi.
org/10.1023/a:1013176129380

31.	 Bala DV, Patel DD, Duffy SW, Cherman S, Patel PS, et al. 2001. Role 
of dietary intake and biomarkers in risk of breast cancer: a case control 
study. Asian Pac J Cancer Prev 2(2): 123-130.

32.	 Bradshaw PT, Sagiv SK, Kabat GC, Satia JA, Britton JA, et al. 2009. 
Consumption of sweet foods and breast cancer risk: a case-control study 
of women on Long Island, New York. Cancer Causes Control 20(8): 
1509-1515. https://doi.org/10.1007/s10552-009-9343-x

33.	 Potischman N, Coates RJ, Swanson CA, Carroll RJ, Daling JR, 
et al. 2002. Increased risk of early-stage breast cancer related to 
consumption of sweet foods among women less than age 45 in the 
United States. Cancer Causes Control 13(10): 937-946. https://doi.
org/10.1023/a:1021919416101

34.	 Saleh F, Reno W, Ibrahim G, Behbehani A, Dashti H, et al. 2008. The 
first pilot study on characteristics and practice patterns of Kuwaiti breast 
cancer patients. J Environ Pathol Toxicol Oncol 27(1): 61-75. https://doi.
org/10.1615/jenvironpatholtoxicoloncol.v27.i1.70

35.	 Gunter MJ, Xie X, Xue X, Kabat GC, Rohan TE, et al. 2015. Breast 
cancer risk in metabolically healthy but overweight postmenopausal 
women. Cancer Res 75(2): 270-274. https://doi.org/10.1158/0008-
5472.can-14-2317

36.	 Anastas JN, Moon RT. 2013. Wnt signalling pathways as therapeutic 
targets in cancer. Nat Rev Cancer 13(1): 11-26. https://doi.org/10.1038/
nrc3419

37.	 Li Y, Hively WP, Varmus HE. 2000. Use of MMTV-Wnt-1 transgenic 
mice for studying the genetic basis of breast cancer. Oncogene 19(8): 
1002-1009. https://doi.org/10.1038/sj.onc.1203273

38.	 Pfefferle AD, Darr DB, Calhoun BC, Mott KR, Rosen JM, et al. 2019. 
The MMTV-Wnt1 murine model produces two phenotypically distinct 
subtypes of mammary tumors with unique therapeutic responses to 
an EGFR inhibitor. Dis Model Mech 12(7): dmm037192. https://doi.
org/10.1242/dmm.037192

39.	 Ding L, Pang S, Sun Y, Tian Y, Yu L, et al. 2014. Coordinated actions 
of FXR and LXR in metabolism: from pathogenesis to pharmacological 
targets for type 2 diabetes. Int J Endocrinol 2014: 751859. https://doi.
org/10.1155/2014/751859

40.	 Sun L, Xie C, Wang G, Wu Y, Wu Q, et al. 2018. Gut microbiota 
and intestinal FXR mediate the clinical benefits of metformin. Nat Med 
24(12): 1919-1929. https://doi.org/10.1038/s41591-018-0222-4

41.	 Cobb J, Eckhart A, Motsinger-Reif A, Carr B, Groop L, et al. 
2016. α-hydroxybutyric acid is a selective metabolite biomarker of 
impaired glucose tolerance. Diabetes Care 39(6): 988-995. https://doi.
org/10.2337/dc15-2752


