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ABSTRACT: In previous works, rosemary extracts (REs) obtained in our laboratory using supercritical fluid extraction exhibited 

inhibitory effect on proliferation of several cancer cell lines. However, the observed antiproliferative activity was not correlated to 

any compound present in the extract. In order to address this question, in this work the contribution of carnosic acid (CA) and car-

nosol (CS), two major compounds present in the RE, against colon cancer HT-29 cells proliferation is investigated using a compre-

hensive Foodomics approach. Although CA and CS exhibit additive antiproliferative effect when they are combined in solution at a 

molar ratio of 6.9:1, the results reveal that CA contributes more significantly than CS to the activity of RE against colon cancer 

cells proliferation. The Foodomics study reveals that CA induces transcriptional activation of genes that encode detoxifying en-

zymes and altered the expression of genes linked to other relevant functions such as transport and biosynthesis of terpenoids in the 

colon cancer cell line. Functional analysis highlighted the activation of the ROS metabolism and alteration of several genes in-

volved in pathways describing oxidative degradation of relevant endogenous metabolites, providing new evidences about the tran-

scriptional change induced by CA in HT-29 cells. Metabolomics analysis showed that the treatment with CA affected the intracellu-

lar levels of glutathione. Elevated levels of GSH provided additional evidences to transcriptomic results regarding chemopreventive 

response of cells to CA treatment. Moreover, the Foodomics approach was useful to establish the links between decreased levels of 

N-acetylputrescine and its degradation pathway at the gene level. The findings from this work and the predictions based on micro-

array data will help exploring novel metabolic processes and potential signaling pathways to further elucidate de effect of CA in 

colon cancer cells. 

Rosmarinus officinalis L., commonly known as rosemary, is a 

Labiatae species from Mediterranean origin. Phenolic diter-

penes as carnosic acid (CA) and carnosol (CS) are abundant in 

rosemary leaves, representing approximately 5% of the dry 

weight of rosemary leaves, and accounting for >90% of the 

antioxidant activity of rosemary extracts.
1
 For many years, the 

potent antioxidant activity of rosemary extracts has attracted 

great interest for the preservation of food material, and recent-

ly the European Union (EU) has approved the use of rosemary 

extracts as additives for food preservation.
2
 In addition to their 

strong antioxidant properties, rosemary extracts have been also 

of interest for their anti-inflammatory and anticancer activi-

ties.
3
 A great body of evidence from in vitro and in vivo stud-

ies indicates that rosemary extracts exert chemoprotective 

effects through different mechanisms.
4,5

 Such chemoprotective 

activity has also conferred upon rosemary extracts cancer 

preventive properties.
6
 Thus, the antiproliferative effect of 

rosemary extracts have been studied on leukemia,
7
 ovarian 

cancer,
8
 liver cancer

9
 and colon cancer

10
 cells. The anticancer 

activities of the major rosemary diterpenes, CA and CS, have 

been also object of several studies.
11-15

 In addition to the anti-

proliferative and antiinvasive activities of CA, in vitro and in 

vivo neuroprotection is one of the most widely studied biolog-

ical activities that have been attributed to this particular diter-

pene.
16,17

 In general, rosemary extracts, as well as CA and CS, 

show differential antiproliferative activity in several human 

tumor cell lines.
18

 One of the mechanisms underlying the 

antiproliferative activity of these compounds is linked to their 

ability for altering cell cycle progression. However, although 

both diterpenes are structurally related, they affect different 

phases of cell cycle. Furthermore, these compounds appear to 

exert a different effect on cell cycle phase distribution depend-

ing on the concentration assayed and the cell type.
10,15

 Apart 

from the possible alteration of cell cycle regulatory genes, 

other specific mechanisms associated to the antiproliferative 

activity of rosemary compounds cannot be dismissed since 

they seem to be differentially effective against cells with spe-

cific mutational patterns.
7
 However, comprehensive studies 

centered on the investigation of the mechanisms operating at 

various molecular levels in cancer cells in response to individ-

ual rosemary polyphenols are still lacking. In this regard, a 

global methodology such as Foodomics, based on the combi-

nation of several omics platforms and data processing, is well 

suited to perform comprehensive evaluations of the health 

benefits of food ingredients.
19-23

 In previous work, a polyphe-

nol-enriched rosemary extract (RE) obtained in our laboratory 



 

using supercritical fluid extraction exhibited inhibitory effect 

on proliferation of several cancer cell models.
7,10,24,25

 Our 

findings suggested that the RE altered some cell cycle regula-

tory genes as well as various signaling pathways in colon 

cancer cells. However, the observed antiproliferative activity 

has not been correlated to any compound present in the extract 

yet. In order to address this question, the contribution of two 

major compounds, CA and CS, present in the RE, to the activi-

ty of the extract on HT-29 cell proliferation is investigated in 

this work. To achieve this, we have conducted proliferation 

inhibition assays and studied potential synergistic, additive or 

antagonistic effects of both diterpenes. Then, we focused our 

experiments on the effects of CA on cell cycle distribution 

analyses in combination with a Foodomics evaluation based 

on genome-wide transcriptomics and metabolomics analysis to 

investigate the cellular and molecular changes operating in 

HT-29 cells in response to CA treatments. Functional enrich-

ment analysis was applied as a previous step for a reliable data 

interpretation obtained from transcriptomics and metabolom-

ics, and for cross-platform data integration.  

CA and CS were 

purchased as pure standards (Sigma-Aldrich, St. Louis, MO, 

USA). The rosemary extract (RE) was obtained from dried 

rosemary leaves using supercritical CO2 and 7% ethanol at 150 

bar as reported by Herrero et al.
26

 Chemical characterization of 

the RE indicated that two main diterpenes, CA and CS, were 

found at high concentrations in the RE, namely, 256.0 and 

37.1 µg/mg extract, respectively. Dry extract and standards 

samples were dissolved in DMSO (Sigma-Aldrich) at the 

appropriate concentrations and stored as aliquots at -80 ºC 

until use. 

Colon adenocarcinoma HT-29 cells 

obtained from ATCC (American Type Culture Collection, 

LGC Promochem, UK) were grown in McCoy’s 5A supple-

mented with 10% heat-inactivated fetal calf serum, 50 U/mL 

penicillin G, and 50 U/mL streptomycin, at 37 ºC in humidi-

fied atmosphere and 5% CO2. When cells reached ~50% con-

fluence, they were trypsinized, neutralized with culture medi-

um, plated in different culture plates and allowed to adhere 

overnight at 37 ºC.  

In order to study the effect 

of rosemary extracts on the proliferation of HT-29 line, cells 

were seeded onto 96-well culture plates at 10,000 cells/cm
2
, 

permitted to adhere overnight at 37 ºC, and exposed to differ-

ent treatments with different concentrations of CA, CS or RE 

for 24–72 h depending on the experiment. After incubation 

with the bioactive compounds for the indicated time in each 

case, cell proliferation was estimated by the MTT assay as 

follows: 0.5 mg/mL of MTT reagent (Sigma-Aldrich) was 

added and incubated for 3 h at 37 ºC in humidified 5% CO2/air 

atmosphere. After the incubation, the media were aspirated 

and 100 µL of DMSO was added to each well to dissolve the 

formazan (the metabolic product of MTT). Then, the absorb-

ance at 570 nm was measured in a microplate reader (Mul-

tiskan™ FC Microplate Photometer, Thermo Fisher Scientific, 

Vantaa, Finland). Results are provided as the mean ± 95% 

confidence interval of at least three independent experiments, 

each performed in triplicate. Cell viability at the beginning of 

the treatment (time zero) was used to calculate the percent of 

growth (PG) and the following parameters related to cell pro-

liferation: GI50 (50% growth inhibition), TGI (total growth 

inhibition), and LC50 (50% cell death). These parameters 

were calculated according to the NIH definitions.
27

 Combina-

tion assays were performed by treating HT-29 cells with ap-

propriate concentrations of CA, CS and mixtures with the 

same molar ration of both. Cell proliferation inhibition was 

determined using MTT assay, as previously described. In the 

assessment of synergism, antagonism and additive effects, the 

combination index (CI) method was used according to Chou-

Talalay equation.
28

 The calculations were performed using 

CompuSyn software from Biosoft (Cambridge, UK), which 

takes into account both the potency (Dm or IC50) and shape of 

the dose-effect curve. CI < 1 indicates synergism; CI = 1 indi-

cates an additive effect; and CI > 1 indicates antagonism. 

Results are shown as the mean ± standard error of the mean of 

three independent experiments, each performed in triplicate. 

Cells were seeded onto tissue culture dishes 

at 10,000 cells/cm
2
, permitted to adhere overnight at 37 ºC, 

and incubated with 12.5 µg/ml CA or 30 µg/ml RE in com-

plete culture medium up to 72 h. Then, cell cycle distribution 

was measured using flow cytometry at different time points. 

Briefly, for cell cycle distribution of DNA content, control and 

treated cells were trypsinized, washed with PBS, and fixed 

with 70 % cold ethanol at -20 ºC for at least 24 h. Then, fixed 

cells were resuspended in 0.5 mL PI/RNase Staining Buffer 

(BD Pharmingen, San Jose, CA, USA), incubated for 15 min 

in the dark, and analyzed on a Gallios™ flow cytometer 

equipped with a 0.75 W argon laser set at 488 nm (Beckman 

Coulter, Miami Lakes, FL, USA). Events were gated for peak 

width and area to exclude subcellular debris and aggregates. A 

total of 10,000 events were recorded for each sample and a 

frequency histogram of peak area was generated and analysed 

using Cylchred (V.1.0.0.1) software (University of Wales 

College of Medicine, Cardiff, UK). Results are provided as the 

mean of the percentage of treated minus control samples ± 

SEM (standard error of the mean) of at least three independent 

experiments, each performed in triplicate. The results were 

analyzed using the analysis of variance (ANOVA) with Tukey 

post hoc test and differences were considered significant at 

p<0.05. 

A Foodomics strategy, involving 

transcriptomics and metabolomics profiling, was applied to 

study molecular mechanisms operating in HT-29 cells after 

CA treatment. Comparative transcriptomic analysis was per-

formed on HT-29 cells incubated with 9.9 µg/mL CA, and 

their respective untreated controls. Microarray analyses and 

data processing were performed with triplicate samples for 

each experimental condition as described previously using 

Human Gene 1.0ST chips (Affymetrix).
10

 After quality as-

sessment using Expression ConsoleTM (Affymetrix), CEL 

files were processed using the Robust Multi-Array (RMA) 

normalization in the BioConductor package affy for R 

(www.r-project.com).
29

 Significance analysis was performed 

using the BioConductor package limma.
30

 Moderated t statis-

tics was used for significance analysis of each probe set and 

each contrast, and then false discovery rate was estimated 

using Benjamini and Hochberg’s method for multiple testing 

correction.
31

 To identify the statistically most significant 

changes in gene expression, microarray data were subjected to 

gene filtering based on the statistical significance (false dis-

covery ratio, FDR, applied on moderated t statistics, adjusted p 

value < 0.05). Reverse transcription quantitative PCR (RT-

qPCR) was used to confirm relative changes in mRNA levels 



 

of selected genes from microarray datasets. Further details are 

available in the Supporting Information (Supporting methods). 

In this work, computational tools were used for functional 

enrichment and pathway analysis as a previous step for a reli-

able data interpretation obtained from microarray analysis. 

The bioinformatic tool Ingenuity Pathway Analysis (IPA, 

Ingenuity Systems, USA) was used in order to interpret the 

gene expression data in the context of biological processes and 

pathways. To this aim, the Core Analysis function included in 

IPA was applied to analyze the lists of differentially expressed 

genes (DEGs) identified in microarray analysis. In each analy-

sis, expression parameters cut-offs were set at 0.4 as M-value 

cutoff that corresponds to expression ratios (fold change) ≥ 1.3 

for up-regulated and ≤ 0.8 for down-regulated genes. From the 

gene set, up- and down-regulated identifiers were defined as 

value parameters for the analysis. Based on the list of identifi-

ers, IPA performs functional enrichment analysis in order to 

identify the biological processes and functions over-

represented in a given list of genes. The p-value, calculated 

with the Fischer's exact test, reflected the likelihood that the 

association between a set of genes in our dataset and a related 

biological function is significant (p-value < 0.05). The biolog-

ical functions that were expected to be increased or decreased 

according to the gene expression changes in our dataset were 

identified using the IPA regulation z-score algorithm. A posi-

tive or negative z-score value indicates that a function is pre-

dicted to be increased or decreased in treated relative to un-

treated cells.  

Metabolic profiles from HT-29 cells were determined using 

two complementary analytical platforms (CE-TOF MS and 

HILIC/UHPLC-TOF MS) in order to widen the metabolic 

coverage. CE-TOF MS was carried out using a P/ACE 5500 

CE system (Beckman Instruments, Fullerton, CA, USA) con-

nected to a TOF MS instrument (micrOTOF model) from 

Bruker Daltonics (Bremen, Germany) by an orthogonal elec-

trospray ionization (ESI) interface G1607A from Agilent 

Technologies (Palo Alto, CA, USA). Metabolites were sepa-

rated in a fused silica capillary (90 cm, 50 μm i.d.) filled with 

3M formic acid as electrolyte applying a voltage of +27 kV at 

25ºC. Isopropanol-water (1:1, v/v) was delivered as the sheath 

liquid at 0.24 mL/min. ESI-TOF MS was performed in the 

positive ion mode, and the capillary voltage was set at 4 kV. 

The flow rate of heated dry nitrogen gas at 200 °C was main-

tained at 0.4 bar. Other conditions regarding external and 

internal calibration of the TOF-MS are given as Supporting 

Information. UHPLC-TOF MS was carried out using an Ag-

ilent 1290 system connected to a quadrupole-time-of-flight 

(Q/TOF) 6540 (Agilent Technologies) operating in the posi-

tive ion mode. Hydrophilic interaction liquid chromatography 

(HILIC) was performed on a ZORBAX HILIC Plus HT (2.1 

mm × 50 mm, 1.8 m) column maintained at 30 ºC. Elution was 

performed using phase A (water with 5 mM ammonium for-

mate at pH 5.8) and phase B (acetonitrile with 0.1% (v/v) 

formic acid). Detailed elution gradient is given as Supporting 

Information. TOF-MS operation parameters were the follow-

ing: capillary voltage, −4000 V; nebulizer pressure, 40 psi; 

drying gas flow rate, 10 L/min; gas temperature, 200 ◦C; 

skimmer voltage, 45 V; fragmentor voltage was 125 V; 50-

1000 m/z mass scan. Conditions regarding internal mass cali-

bration and external calibration of the Q/TOF mass spectrome-

ter are given as Supporting Information. Metabolomic data 

signals obtained from CE-MS and UHPLC-MS were exported 

to the MS exchange format mzXML using Trapper (available 

at 

http://tools.proteomecenter.org/wiki/index.php?title=Software:

trapper). CE-MS data was then processed with MZmine pro-

gram (version 2.7.2).
32

 Parameters applied for mass detection, 

peak deconvolution and sample alignment are described else-

where.
33

 LC-MS data was processed using XCMS package 

written in the platform-independent programming language 

R.
34

 The resulting sample files were then converted to peakML 

format to execute the mzMatch.R package.
35

 Parameters for 

LC-MS analysis have been already summarized.
36

 Finally 

peaks showing high variability within the same group 

(i.e.control and treated cells) were removed (with a value of 

median/average > 1.5) in both CE-MS and LC-MS data sets. 

The resulting output .csv data tables of high quality time-

aligned detected peaks with their corresponding migra-

tion/retention time, m/z and peak area obtained for each sam-

ple were merged into one file to perform statistical analysis 

using STATISTICA program (v.7, Statsoft, Tulsa, OK, USA, 

www.statsoft.com). Significant molecular features were de-

tected applying an ANOVA with p-value set at 0.05. Both CE-

MS and LC-MS data processing and statistical analysis were 

carried out using a PC Intel® Core™ i7-2600K Processor (8M 

Cache, up to 3.80 GHz and 64 bits) operating under Microsoft 

Windows 7. The metabolites showing significant differences 

(p<0.05) were subjected to tentative identification process by 

matching the experimental accurate m/z values and those 

contained in different free available databases, namely, Hu-

man Metabolome Database,
37

 METLIN,
38

 and KEGG,
39

 with a 

mass accuracy window of 10 ppm. When available, metabolite 

standards from Sigma-Aldrich were used to confirm identifi-

cations. 

 In pre-

vious work, a polyphenol-enriched rosemary extract (RE) 

obtained in our laboratory using supercritical fluid extraction 

exhibited inhibitory effect on proliferation of cancer cell mod-

els.
7,10,24,25

 Chemical characterization of the extract indicated 

the presence of CA and CS at concentrations of 256.0 and 37.1 

µg/mg extract, respectively, as well as other minor polyphe-

nols (caffeic acid and p-coumaric acid). However, the ob-

served antiproliferative activity of the extract has not been yet 

correlated to any compound present in the mixture. In order to 

address this point, the effect of the two major diterpenes (CA 

and CS) found in the extract, for which pure standards are 

commercially available, was investigated on HT-29 cells. To 

determine the antiproliferative effect of CA and CS in relation 

to the RE, HT-29 cells were incubated with increasing concen-

trations of RE, CA and CS (from 0 to 33.2 μg/mL) for 24 h 

(Figure 1A), 48 h (Figure 1B) and 72 h (Figure 1C) and cell 

proliferation was analyzed by the MTT assay. As it can be 

observed in Figure 1, after treatment with increasing concen-

trations of CA, dose-dependent reduction of cell proliferation 

was observed starting from 8.3 µg/mL at 48 and 72 h (Figure 

1B and 1C). Moreover, a considerable reduction (~ 40%) of 

cell proliferation is observed between 24 and 72 h after treat-

ment with 12.5 μg/mL CA. The treatment with CS also result-

ed in a reduction of cell proliferation in a dose- and time-

dependent manner similar to that observed for CA (Figure 1). 

In order to deep in the mechanisms that can explain the anti-

proliferative activity of these diterpenes, the response parame-

ters, growth inhibition (GI50), total growth inhibition (TGI) as 

an indicator for cytostaticity, and lethal concentration (LC50) 



 

indicative for the cytotoxic level of effect were also deter-

mined for 24, 48 and 72 h incubation times (Supporting In-

formation, Table S1). Although the inhibitory activities of 

both diterpenes were similar, our results indicate that CA 

exerted a slightly stronger effect than CS on cell proliferation 

provided by the lower values obtained for the parameters at 

the different incubation times. Moreover, the maximum inhibi-

tory effect of CA was achieved at 48 h while CS showed its 

strongest inhibitory activity after 72 h. According to the litera-

ture, both diterpenes have demonstrated different in vitro 

cytotoxic and cytostatic effects depending on the cell type, 

concentration, and time of exposition.
10,15,18

 The parameter 

values obtained in the present study are in the same concentra-

tion range of most of published data for other in vitro cell 

models of cancer.
13,18,40

 As an example, Gigante et al. reported 

GI50 values ranging from 21.6 to 47.2 μM CA (~7.2 μg/mL-

15.7 μg/mL) for five cancer cell lines.
40 

 

Figure 1. HT-29 cell viability upon treatment for 24 h (A), 48 h 

(B), and 72 h (C) with different concentrations of CA (squares), 

CS (triangles), and RE (grey circles); and for 48 h (D) with differ-

ent concentrations of CA+CS mixture (triangle), CA (squares), 

and RE (grey circle). In A-C, concentration data points for RE 

treatments are referred to the calculated CA content values in 

μg/mL. In D, concentration data points for CA+CS and RE treat-

ments are referred to calculated CA content values in μg/mL. 

Error bars are given as 95% confidence interval. 

For comparison purposes, the antiproliferative activity of the 

RE at the three incubation times is also depicted in Figure 1. 

As it can be observed, RE exerts a stronger inhibitory activity 

on cell proliferation than the treatments with equivalent con-

centrations of CA at any incubation time. More evident was 

the superior activity of RE compared with CS since the con-

tent of this diterpene is 6.9-fold lower than CA content in the 

extract. From these results, it can be deduced that none of both 

diterpenes are, by themselves alone, responsible for the ob-

served antiproliferative activity of the extract. Instead, we 

hypothesized that the inhibitory activity of RE on cell prolifer-

ation might be due to the combined effect of both diterpenes. 

To explore this possibility, we next examined whether a com-

bination of both compounds, CA and CS, exerts synergistic, 

additive or antagonistic effects on inhibiting cell proliferation 

in HT-29 cell culture. 

 In 

order to investigate the inhibitory activity of CA and CS com-

binations, HT-29 cells were incubated and tested by MTT 

assay for different incubation times in the presence of a range 

of CA (7.7-61.4 μg/mL) and CS (1.1-8.9 μg/mL) concentra-

tions, and mixtures with the same molar ratio of CA and CS 

(6.9:1) that exists in the RE. The calculated potency (Dm) 

value for the mixture (CA+CS) at 48 h was 11.2 µg/mL. Table 

S2 (Supporting Information) summarizes the fractional inhibi-

tion (fa, fraction affected) of cell proliferation, combination 

index (CI) values, and other parameters derived from the com-

puter-generated functions of the CI with respect to fa for the 

antiproliferative activity of the mixture at different concentra-

tion levels. As it can be deduced from the CI values close to 1, 

the CA+CS combination exhibits additive effect at 8.8 and 

17.6 μg/mL total CA+CS concentrations, which correspond to 

RE concentrations of 30 and 60 μg/mL, respectively. Interest-

ingly, a synergistic effect (CI<1) was obtained with 35.2 

μg/mL total concentration of the mixture. However, this effect 

was not consistent over the range assayed as it can be deduced 

from data obtained at higher and lower total concentrations. 

As it can be observed in Figure 1D, the inhibitory activity of 

the CA+CS mixture on cell proliferation was lower, as com-

pared to the one exerted by RE with an equivalent CA content. 

According to our data, CA pure solution and CA+CS mixture 

account for approximately 50% and 60% of the observed 

effect for 30 μg/mL RE for 48 h. These results suggest that 

although other constituents of the extract might be also con-

tributing to the observed antiproliferative activity of RE on 

HT-29 cells, most of the observed antiproliferative activity of 

the extract is exerted by CA and CS. Furthermore, owing to its 

higher content in RE and slightly superior potency, CA was 

the most relevant of both diterpenes regarding the antiprolifer-

ative effect. Then, we found interesting to investigate the 

cellular and molecular mechanisms underlying the antiprolif-

erative activity of CA in HT-29 cells. Therefore, all the subse-

quent experiments were focused on the study of the bioactivity 

of this diterpene.  

To 

elucidate whether the observed effect on cell proliferation 

from CA was due to a potential cytotoxic or cytostatic effect, 

trypan blue exclusion assay was used to determine cell viabil-

ity after CA treatment. Using this method, it was observed that 

concentrations of 12.5 µg/mL of CA did not significantly 

affect cell viability, compared to control cells demonstrating 

no cytotoxicity of CA (data not shown). Similar results have 

been recently reported on the viability of three different colon 

cancer cell lines upon exposure to CA.
14

 Next, to investigate 

the possible cytostaticity exerted by CA on HT-29, cell cycle 

distribution was characterized by flow cytometry analysis. 

Incubation of exponentially growing HT-29 cells with CA at 

12.5 μg/mL for 24 h resulted in a substantial inhibition of cell 

cycle progression, manifested by the accumulation of cells in 

the G1 phase (p-value = 0.014), with a concomitant decrease 

in the percentage of cells in the S phase (p-value = 0.025) with 

respect to untreated control cells (Figure 2A). No significant 

effect on the G2/M phase was detected. Interestingly, after 

longer incubation time of the exponentially growing cells with 

CA (48 and 72 h), a reversal of the changes in the cell cycle 

phase distribution was observed (see Figure 2A). Thus at 48 h, 

the percentage of cells in the S phase increased significantly 

while decreased in the G1 phase with respect to the cell distri-

bution at 24 h. This shift is in agreement with the partial re-

covery of cell proliferation observed at longer incubation 

times (see percentage of growth data in Figure 2A). A similar 

transient cell cycle block of the G1 to S phase transition at 24 

h was observed when HT-29 cells were incubated with RE 



 

(Figure 2B). Interestingly, although CA concentration was 

higher in the assayed pure CA solution than in the RE (12.5 

vs. 7.7 μg/mL), such transient G1 arrest was quantitatively 

higher with RE than with CA treatment, suggesting that other 

compounds in the RE are contributing to the cell cycle arrest 

in G1 phase. Moreover, the more pronounced G1 arrest ob-

tained with RE in comparison with CA treatment correlates 

well with a higher and faster decrease of percentage of growth 

values, which reached a minimum at 24 h (Figure 2B). From 

these results, it can be concluded that CA and RE under the 

conditions assayed exert a cytostatic action, which is probably 

related to its ability to interfere with cell cycle progression 

during the initial 24 h of treatment. Although both treatments 

exert similar alterations on the cell cycle phases, the percent-

age of growth did not correlated equally in both treatments. 

Thus, the antiproliferative effect of CA was increasing over 48 

h while with RE reached the maximum at 24 h and recovered 

afterwards. In agreement with these results, similar effects on 

cell cycle and proliferation of leukemia cells have been report-

ed with 7.5 μM (~ 2.5 μg/mL) of CA.
12

 On the other side, the 

results obtained in the present study diverge, with the observa-

tions reported by Visanji et al. where 50 μM (~ 16.6 μg/mL) 

CA induced G2/M phase arrest in caco-2 cells at 24 h.
13

 How-

ever, recent published data indicate that this divergence on the 

effect of CA on cell cycle distribution could be explained by 

its differential effect as function of the assayed concentration 

and the cellular model selected for the study.
15

 

 

Figure 2. Cell cycle distribution patterns (bars) determined by 

flow cytometry and calculated percentage of growth (line) from 

MTT assay data of HT-29 cells exposed to 12.5 µg/mL of CA (A) 

and 30 μg/mL of RE, (B) for up to 72 h of incubation. Error bars 

are given as standard error of the mean. 

 In order to identify potential 

changes at the transcriptional and metabolic levels in colon 

cancer HT-29 cells treated with CA, a Foodomics approach 

was applied. Our Foodomic platform was based on different 

analytical techniques and data processing for transcriptomic 

and metabolomic studies, allowing the determination of tran-

scripts and metabolites that show statistically different expres-

sion in response to the CA treatment. First, gene expression 

microarray analyses were carried out in order to investigate 

the effect of CA treatment (9.9 μg/ml, 48 h) on HT-29 cell line 

at the transcriptomic level. For gene expression microarray 

analysis, predefined FDR of 5 % (p<0.05) was applied to 

identify DEGs in response to the treatment. Accordingly, 341 

genes, representing 1.2% of the genes covered by the whole-

transcriptome microarray, were found to be differentially 

expressed in response to the CA exposure after 48 h. In order 

to identify the biological processes that might be altered in 

treated cells compared to control cells, functional enrichment 

analysis on the list of identified DEGs was performed using 

IPA software setting an M value cutoff of 0.4, that corre-

sponds to expression ratios (fold change) ≥ 1.3 for up-

regulated and ≤ 0.8 for down-regulated genes (Supporting 

Information, Table S3). In these analyses, 213 genes from 

microarray data were eligible for biological function and 

pathway analysis. Functional analysis identified a number of 

significant (Fisher Exact test p-value<0.05) over-represented 

canonical metabolic pathways in the imported dataset that 

were associated to different degradation processes (see Figure 

3). The examination of these results revealed altered expres-

sion of a number of enzyme-encoding genes with a reported 

role in interrelated pathways. For instance, MAOB and 

MAOA genes, whose expression was up- and down-regulated 

in treated cells, respectively, were involved in 7 different 

pathways. These genes, that encode amine oxidase enzymes 

with different substrate specificity, are reported to play a rele-

vant role in the biogenic amines metabolism, and together with 

other amine oxidases, are considered to be biological regula-

tors, especially for cell growth and differentiation.
41

 Moreover, 

reported evidences point to the generation of amine oxidase-

mediated products (aldehydes, H2O2 and other reactive oxygen 

species; ROS) of biogenic amines oxidation as the primary 

mode of action of these enzymes in cancer growth inhibition 

and progression.
42,43

 Thus, deregulation of MAOA and MAOB 

genes may provide a putative link to mitochondrial dysfunc-

tion and, consequently, intensified ROS formation.
44

 On the 

other side, CA treatment also induced the expression of genes 

encoding for enzymes capable of counteracting that effect by 

detoxifying H2O2 (GPX3 and GPX8 genes) and the transfor-

mation of aldehydes (ALDH3A1 gene) produced by monoam-

ine oxidases. The latter gene, ALDH3A1, is also involved in 

ethanol degradation pathways, and connected with these path-

ways, the down-regulation of other three genes (ADH1C, 

ADH6, and ACSS1) was found statistically significant in 

treated cells (Figure 3).In addition to these genes related with 

detoxifying function, down-regulation of NOX1 gene, encod-

ing for a NADPH oxidase 1, which catalyzes the production of 

ROS, was detected in treated cells. In Figure 3, it can be ob-

served that LPS/IL-1 mediated inhibition of RXR pathway is 

the connecting node of most of the degradation pathways 

provided by IPA to be altered by CA treatment. This signaling 

pathway involves the activity of nuclear receptors, such as 

Pregnane X receptor (PXR) and constitutive androstane recep-

tor (CAR) among others that regulate the expression of 

MAOB and ALDH3A1 genes, respectively, suggesting modu-

lation of xenobiotic metabolism function. Interestingly, the 

induction pattern of these genes was similar to the tran-

scriptomic response of HT-29 cells treated with RE.
10

 The 

gene expression ratios obtained by microarray were also con-

firmed by RT-qPCR (Supporting Information, Table S4). 

The activation of NRF2-induced genes was patent by a re-

markable up-regulation of several AKR1C genes (AKR1C1, 

AKR1C2, and AKR1C3). AKR1C genes encode for members 

of the aldo-keto reductase 1C superfamily, and their induction 

has been recently proposed as marker for the sensitive deter-

mination of NRF2 activation.
45

 These aldo-keto reductases 

exhibit broad substrate  



 

 

Figure 3. Overlapping of predominant canonical pathways and 

involved genes operating in HT-29 cells after 48 h exposure to 9.9 

µg/mL CA, as inferred from IPA software. The arrows indicate an 

increase (↑) or decrease (↓) in the transcript levels. Significance p-

values (between brackets) calculated with the right-tailed Fisher’s 

exact test. 

specificity for non-steroidal carbonyl compounds including 

endogenous and xenobiotic toxic compounds; and therefore, it 

is not surprising to find them involved in more than one path-

way (see Figure 3). For instance, these aldo-ketoreductases are 

suggested to be major enzymes that protect against cellular 

damage provoked by the cytotoxic aldehydes resulting from 

lipid peroxidation.
46

 In agreement with our data, a similar 

induction pattern of AKR1C genes together with other antiox-

idant response elements (ARE)-driven genes has been also 

observed in breast cancer cells after short exposure with 20 

μg/mL CA,
15

 which provides more evidences about the activi-

ty of CA as inducer of NRF2-mediated antioxidant response.
16

 

In addition to these studies, it is interesting to note that previ-

ous transcriptomic analyses in our laboratory have shown the 

prominent induction of AKR1C genes in colon cancer and 

leukemia cells in response to RE treatment (papers leukemia y 

colon). In vitro studies have associated the induction of ARE-

driven genes in a NRF2-dependent manner by CA with inhibi-

tion of adipocyte differentiation in mouse
47

 and chemoprotec-

tion in glioblastoma cells.
48 

Moreover, gene expression micro-

array analysis in studies with various in vitro cell models also 

corroborate that the induction of ARE genes, including genes 

that encode for phase II enzymes and enzymes involved in 

glutathione metabolism, is one of the main transcriptional 

responses in cells upon exposure to micromolar concentrations 

of CA.
47,49

 In addition to the aforementioned analysis on the 

canonical pathways, IPA provided over-represented cellular 

and molecular functions that were predicted to be inhibited in 

treated cells (Table 1). According to z-scores obtained from 

IPA predictive analysis, transport of molecules and metabo-

lism of terpenoid functions could be significantly inhibited by 

the altered expression pattern of 11 and 4 genes, respectively, 

whereas a set of 9 genes suggested activation of the metabo-

lism of ROS function.  

For the metabolomic study, a combination of different analyti-

cal methodologies provided wide metabolic information and 

coverage due to its complementary nature. Namely, metabolic 

profiles from untreated and treated HT-29 cells with CA were 

determined using  

Table 1. IPA analysis of the molecular and cellular func-

tions over-represented in the list of differentially expressed 

genes in HT-29 cells after CA treatment.  

a, significance value calculated with the right-tailed Fisher’s exact 

test; b, the arrows indicate an increase (↑) or decrease (↓) in the tran-

script levels. 

 

two complementary analytical platforms, CE-TOF MS and 

HILIC/UHPLC-TOF MS. Table 2 summarizes the 21 com-

pounds with statistically significant (p-value <0.05) altered 

levels in treated HT-29 cells with respect to the untreated cells. 

It is interesting to mention that only 2 out of the 21 metabo-

lites were detected by both CE-TOF MS and UHPLC-TOF 

MS approaches, demonstrating the complementarity of these 

two metabolomic methodologies. The EIE and EIC of some of 

the metabolites whose levels statistically changed by CA 

treatment are provided in Supporting Information (Figure S1). 

From the examination of the metabolite list given in Table 2, it 

was observed an increase of reduced glutathione (GSH) that 

was concomitant with a depletion of the oxidized form of 

glutathione (GSSG) in treated HT-29 cells. Furthermore, the 

calculated GSH/GSSG ratio was 6.4 in HT-29 exposed to CA 

while in control cells the ratio was 0.7. This elevation of 

GSH/GSSG ratio is in agreement with the reported chemopre-

ventive activity of similar catechol-type electrophilic com-

pounds as CA in other in vitro models.
16,47

 Combined with 

transcriptomic data, these results may indicate higher GSH 

availability, necessary for the activity of GPXs gene products, 

up-regulated by CA treatment, suggesting an enhanced detoxi-

fying cellular capability. In the last years, accumulating evi-

dence from in vitro studies suggests that the balance between 

amine-oxidising enzymes and antioxidant enzymes appears to 

be a crucial point for cancer growth inhibition or progres-

sion.
41,44 

Other data that can be potentially related to the anti-

proliferative activity of CA in HT-29 cells included decreased 

levels of N-acetylputrescine, N-acetylcadaverine, and γ-

aminobutyric acid, derived from polyamine metabolism. Poly-

amine metabolism is involved in important cellular processes 

including cell proliferation and viability, and its alteration in 

colon cancer cells has been already linked to RE exposures.
24

 

Interestingly, we found another potential link between tran-

scriptomic and metabolomic datasets in the Putrescine degra-

dation pathway that predicted N-acetylputrescine depletion. 

This metabolic change could be explained in silico by the up-

regulation of MAOB gene product, involved in the enzymatic 

Annotation p-val
a
 

Activation 

z-score 
Genes

b
 

Transport 

of mole-

cules 

5.10E-04 -2.379 ↓CA2,↓CFTR,↓CLDN2

, ↓EDN1,↓GPC3, 

↓NDRG2,↓NR4A1, 

↓SLC14A1,↓SLC16A7, 

↓SLC5A1, ↓SLC7A2 

Metabolism 

of terpe-

noid 

1.07E-04 -2.016 ↓ADH1C,↓EDN1,↓NR

4A1, ↓PRLR 

Metabolism 

of ROS 

3.81E-03 +2.015 ↓NR4A1,↑IL18, 

↓HEPH, 

↓SPRY2,↓SESN1, 

↑MAOB, ↓mir-21, 

↑IL8, ↑NCF1  



 

transformation of N-acetylputrescine to 4-acetamidobutanal, 

that can be further transformed to  

 

Table 2. Tentative identification of metabolites differentially expressed in HT-29 cells after CA treatment.  

Migration/ 

Retention  

time 

m/z Ion Formula 
Error 

(ppm) 
Tentative identification 

Standard 

coinjection 

Database 

identifier 

Expres-

sion 

4.21
a
 131.118 M+H C6H14N2O -2.9 N-acetyl-putrescine YES HMDB02064 DOWN 

6.07
 a
 104.070 M+H C4H9NO2 -6.7 γ-aminobutyric acid YES HMDB00650 DOWN 

7.73
 a
 298.096 M+H C11H15N5O3S -3.8 Methyl-thio-adenosine YES HMDB01173 DOWN 

8.96
 a
 179.049 M+H C5H10N2O3S 4.5 Cysteinyl-glycine NO HMDB28775 UP 

8.32
 a
 307.086 M+2H C20H32N6O12S2 8.5 Oxidized glutathione YES HMDB03337 DOWN 

8.96
 a
 308.092 M+H C10H17N3O6S 1.8 Reduced glutathione YES HMDB00125 UP 

7.28
 a
 244.094 M+H C9H13N3O5 5.5 Cytidine YES HMDB00089 DOWN 

2.38
 b
 456.246 M+NH4 C14H22O3 5.0 

Oxo-tetradecadienoic 

acid 
NO 

LMFA0106018

5 
DOWN 

2.64
 b
 306.059 M+K C10H13N5O4 6.5 Adenosine YES HMDB00050 DOWN 

2.70
 b
 393.194 M+NH4 C15H25N3O8 4.2 Tripeptide (I/L, D, E) NO MID20124 UP 

2.71
 b
 161.092 M+H C6H12N2O3 -3.7 Alanyl-Alanine NO HMDB28680 DOWN 

3.21
 b
 471.171 M+H C23H26N4O5S1 -1.3 Tripeptide (C, Y, W) NO MID22112 DOWN 

3.28
 b
 112.041 M+H C5H5NO2 3.7 Pyrrole-carboxylic acid NO HMDB04230 DOWN 

3.40
 b
 453.168 M+Na C21H26N4O6 2.5 Tripeptide (W, E, P) NO MID 19517 DOWN 

3.42
 b
 244.092 M+H C9H13N3O5 3.3 Cytidine YES HMDB00089 DOWN 

3.59
 b
 455.176 M+H C23H26N4O4S1 1.4 Tripeptide (F, W, C) NO MID18550 DOWN 

3.64
 b
 327.324 M+H C21H42O2 -6.1 Dodecyl-nonanoate NO 

LMFA0701045
3 

UP 

5.79
 b
 274.201 M+H C14H27NO4 -0.8 Heptanoyl-carnitine NO HMDB13238 DOWN 

6.48
 b
 127.123 M+H-H2O C7H16N2O 4.8 N-Acetyl-cadaverine YES HMDB02284 DOWN 

6.81
 b
 308.092 M+H C10H17N3O6S -0.5 Reduced glutathione YES HMDB00125 UP 

7.00
 b
 162.115 M+H C7H15NO3 -1.9 Carnitine YES HMDB00062 UP 

a, identified metabolites from CE-ESI-TOF MS analysis. b, identified metabolites from UHPLC-ESI-TOF MS analysis. 

 

4-acetamidobutanoate by ALDH1A3 gene product (also in-

duced by the CA treatment). Metabolomics data also indicated 

a decrease in methylthioadenosine and adenosine levels. Re-

cently, chemically-induced inhibition of polyamine metabo-

lism in HT-29 cells has been associated with unexpected 

changes in these methionine cycle intermediates and a de-

crease in the nucleoside thymidine pool, causing a cytostatic 

effect.
50

 In the present study, a significant intracellular deple-

tion of the nucleoside cytidine by CA treatment was corrobo-

rated by both analytical platforms. Further investigations are 

required to elucidate the role and the underling mechanisms of 

the effect of cytidine pool depletion in HT-29 cell prolifera-

tion. 

In summary, the results of the present study reveal that CA 

and CS exhibit additive antiproliferative effect on colon cancer 

HT-29 cells when they are combined in solution at a molar 

ratio of 6.9:1. With regard to CA, our observations indicate 

that a concentration close to the 50% growth inhibition causes 

a transient cell cycle block of G1 to S phase that may explain 

the cytostatic activity of this diterpene in HT-29 cells. Also, 

CA induced transcriptional activation of genes that encode 

detoxifying enzymes in the colon cancer cell line. These find-

ings are consistent with the reported NRF2 activation effect 

from CA. In addition, CA treatment altered the expression of 

genes linked to other relevant functions such as transport and 

biosynthesis of terpenoids. Furthermore, functional analysis 

highlighted the activation of the ROS metabolism and altera-

tion of several genes involved in pathways describing oxida-

tive degradation of relevant endogenous metabolites, provid-

ing new evidences about the transcriptional variation of HT-29 

cells in response to the CA exposure. Metabolomics analysis 

showed that treatment with CA affected the intracellular levels 

of glutathione. Elevated levels of GSH provided additional 

evidences to transcriptomic results regarding chemopreventive 

response of cells to CA treatment. Moreover, the Foodomics 

approach was useful to establish the links between decreased 

levels of N-acetylputrescine and its degradation pathway at the 

gene level. Last but not least, the findings from this work as 

well as the predictions based on microarray data will allow 

exploring novel metabolic processes and potential signaling 

pathways to elucidate de effect of CA in colon cancer cells. 

Additional information as indicated in text. This material is avail-

able free of charge via the Internet at http://pubs.acs.org.  
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