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17Curcuminoids possess powerful antioxidant activity as demonstrated in many chemical in vitro tests and in sev-
18eral in vivo trials. Nevertheless, the mechanism of this activity is not completely elucidated and studies on the
19in vivo antioxidant effects are still needed. Metabolomics may be used as an attractive approach for such studies
20and in this paper, we describe the effects of oral administration of a Curcuma longa L. extract (150mg/kg of total
21curcuminoids) to 12 healthy rats with particular attention to urinarymarkers of oxidative stress. The experiment
22was carried out over 33 days and changes in the 24-h urine samplesmetabolomewere evaluated by 1HNMR and
23HPLC–MS. Both techniques produced similar representations for the collected samples confirming our previous
24study.Modifications of theurinarymetabolome lead to the observation of different variables proving the comple-
25mentarity of 1H NMR and HPLC–MS for metabolomic purposes. The urinary levels of allantoin, m-tyrosine,
268-hydroxy-2′-deoxyguanosine, and nitrotyrosine were decreased in the treated group thus supporting an
27in vivo antioxidant effect of the oral administration of Curcuma extract to healthy rats. On the other hand, urinary
28TMAO levelswere higher in the treated compared to the control group suggesting a role of curcumin supplemen-
29tation on microbiota or on TMAO urinary excretion. Furthermore, the urinary levels of the sulphur containing
30compounds taurine and cystine were also changed suggesting a role for such constituents in the biochemical
31pathways involved in Curcuma extract bioactivity and indicating the need for further investigation on the com-
32plex role of antioxidant curcumin effects.
33© 2015 Published by Elsevier B.V.
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45 1. Introduction

46 Food supplements and nutraceuticals are largely used for health-
47 promoting purposes mainly ascribed to the antioxidant properties of
48 the phytochemicals contained in these products. Nevertheless, it is
49 well accepted that the antioxidant activity is poorly related to the radi-
50 cal scavenging properties that can be demonstrated with in vitro chem-
51 ical assays. Furthermore, studies related to the real in vivo antioxidant
52 activities of these chemicals as well as to their effects on healthy sub-
53 jects are still missing. In general, the study of in vivo antioxidant activity
54 is difficult due to the complex multiple targets of purified natural prod-
55 ucts or extracts possessing this effect [1,2]. Current studies of antioxi-
56 dant phytochemicals are generally focused on specific compounds and
57 their effects are evaluated on a limited number of markers [1].
58 Curcuma longa L. is extensively used in Ayurveda, Unani, Siddha, and
59 Chinese medicine for the management of various diseases. This spice is

60highly regarded for its numerous biological activities especially related
61to antioxidant, anti-inflammatory and cancer preventive proper-
62ties [3–11]. The effects of C. longa are ascribed to the presence of
63diarylheptanoid compounds known as curcuminoids (namely curcumin,
64demethoxycurcumin, and bisdemethoxycurcumin), which are consid-
65ered themain active principles of the plant, although their bioavailability
66is poor because of scarce absorption, rapid metabolism and systemic
67elimination [12,13]. Extremely low serum levels of curcumin after oral
68administration were observed [12], making it difficult to explain its anti-
69oxidant properties on the basis of simple radical scavenging action. Nev-
70ertheless, extensive scientific research over the past decade [6,14–17] has
71shown that this compound is able to modulate multiple cellular targets
72and hence that it possesses preventive and therapeutic value against a
73wide variety of diseases thus showing the need for new approaches in
74the study of this natural product. Previous studies in rats have shown
75the ability of curcumin to upregulate the transcription factor nuclear fac-
76tor erythroid 2-related factor 2 (Nrf2), which is responsible for phase 2
77antioxidant and detoxification genes expression, indicating that this com-
78pound increases the total superoxide dismutase and glutathione peroxi-
79dase activities [18,19].
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80 Metabolomics can offer newopportunities in this research area since
81 it allows the observation of changes in particular bio-fluids caused by
82 the overall effect of a natural product on different biochemical path-
83 ways. Urinary biomarkers of oxidative status present a great opportuni-
84 ty to study redox balance because specimen collection is non-invasive
85 [20] and long-term observation experiments are possible. Therefore,
86 studies using urinary metabolome analysis are attractive especially for
87 the evaluation of antioxidants in healthy subjects or in healthy in vivo
88 models.
89 In a previous study, we used a metabolomic approach to study the
90 changes of the urinary metabolic profile after the administration of
91 C. longa extract in rats. Compared to the control group, the treated
92 animals were characterized by decreased levels of allantoin, a urinary
93 biomarker of oxidative stress [21].
94 As a continuation of our previous study, we evaluated the effect of
95 oral daily administration of standardized Curcuma longa Linn extract
96 (corresponding to 150 mg/kg of total curcuminoids) to 12 healthy rats
97 by untargeted metabolomics. Treatment was carried out over 33 days
98 and changes in the urinary metabolome were evaluated by monitoring
99 the 24-h urine composition by 1H NMR and HPLC–MS. Urinary collec-
100 tions at 42 days (after stopping the treatment at day 33) were also
101 analysed. We attempted to use the combined potential of NMR and
102 MS in a unified metabolomic approach as a powerful tool to assess the
103 modification of urine composition caused by curcumin supplementa-
104 tion in a healthy animalmodel. Both techniques produced similar repre-
105 sentations for the collected samples confirming our previous study
106 using similar methodology. The two different approaches were able to
107 detect variations in the urinary metabolome, leading to the observation
108 of different variables thus proving the complementarity of these two
109 analytical techniques for metabolomic purposes.

110 2. Experimental

111 2.1. Materials

112 Curcumin standard, methanol, acetonitrile, formic acid, hydro-
113 chloric acid, deuterated water, methanol, glutathione (GSH),
114 sulphosalicylic acid (SSA), γ-glutamyl-glutamic acid (γ-Glu-Glu),
115 ethylenediaminetetracetic acid (EDTA), and N-ethylmaleimide (NEM)
116 were obtained fromSigma-Aldrich (Milan, Italy). Curcumin glucuronide
117 was synthesized in our laboratory using a previously published protocol
118 [22]. C. longa Linn. dried extract was purchased from a local market; the
119 total curcuminoid content was measured as previously described
120 [21,23] as 94%; specifically, 71.0%, curcumin, 20.5% demethoxycurcu-
121 min, and 2.5% bisdemethoxycurcumin were determined using HPLC–
122 MS and HPLC-DAD measurements [21].

123 2.2. Animals and urine collection

124 All experimental protocols involving animals were reviewed and
125 approved by the Ethical Committee for animal experiments of the Uni-
126 versity of Padua (CEASA, protocol number 49571). The study involved
127 12 Sprague–Dawley rats: 6 males and 6 females, 8 ± 1 weeks of age,
128 at the beginning of the experiments; male animals weighted 78.0 ±
129 2.3 g and female animals 79.5 ± 4.0 g. They were caged in a
130 temperature- and photoperiod-controlled (12-h light/dark cycle)
131 room with rodent maintenance diet and water ad libitum. Rats were
132 randomly divided into a control (three males and three females) and a
133 curcumin-treated group (three males and three females). No differ-
134 ences were observed between the two groups at the beginning of
135 the experiment, based on HPLC–MS and NMR preliminary data (not
136 shown). Six hundred milligrammes of C. longa extract were suspended
137 in 12 mL of water. The treated group received a daily dose of 160
138 mg/kg of C. longa extract (corresponding to 150 mg/kg total curcumi-
139 noids or 112 mg/kg of curcumin) orally by gavage for 33 days. An
140 equal dose of water was given to the control group. At day 0, 6, 15, 22,

14128, 33 and 42 (10 days after the end of the treatment), the animals
142were housed individually in metabolic cages for the collection of the
14324-h urine outputs. The collected samples were stored at −80 °C until
144

1H NMR and HPLC–MS analysis.

1452.3. HPLC–MS urine analysis

146To obtain ametabolic profiling of urine, an HPLC–MS full scanmeth-
147odwas used. A VarianMS 500 equippedwith a prostar 430 autosampler
148and binary chromatograph 212 series (Varian, Palo Alto, USA), was used
149as HPLC–MS system. An Agilent (Milan, Italy) Eclipse XDB C-8 column
150(2.1 × 150 mm 3.5 μm) was used as stationary phase. The mobile
151phase was composed of solvent A (acetonitrile with 0.5% acetic acid)
152and solvent B (water with 2% formic acid). Linear gradients of A and B
153were used, as follows: 0 min, 10% A; 20 min, 85% A; 21 min, 100% A,
15421.30 min, 10% A; 27 min, 10% A. The flow rate was 200 μL/min
155and the injection volume was 10 μL. The mass range explored was
15650–1000 m/z. MS were recorded both in positive standard mode and
157in turbo depending data scanning (tdds) mode that allows the elucida-
158tion of the fragmentation patterns of the detected ions. Collected urine
159samples were centrifuged (13,000 g for 10 min) and directly injected
160in the HPLC. Each HPLC–MS data set was processed with MZmine 2.9
161software [24]; from the raw data files, we obtained a data set composed
162of 102 variables. Median Fold Change normalizationwas applied to take
163into account the effects of sample dilution. Data were log-transformed
164and mean centred.

1652.4. 1H–NMR urine analysis

166Aliquots of 700 μL of urine at pH 2.50 ± 0.05 were centrifuged
167at 13,000 rpm for 10 min and mixed with 70 μL of 2 mM
1683-(trimethylsilyl)propionate-2,2,3,3,-d4 (TSP) in D2O solution. 1H NMR
169spectrawere recorded at room temperature using a Bruker (Rheinstetten,
170Germany) Avance DMX 600 spectrometer. One-dimensional spectra
171were acquired using the NOESYGPPR1D pulse sequence. Parameters
172used were: 64 scans, 32 k data points, spectral width of 8389.26 Hz, 2 s
173relaxation delay, 50msmixing time, 1.95 s acquisition time. Prior to Fou-
174rier transformation, the FIDs were zero-filled to 64 k points and an expo-
175nential line broadening factor of 0.3 Hz was applied. All spectra were
176manually corrected for phase and baseline distortions using ACD/NMR
177Workbook software (Advanced Chemistry Development, Inc. Toronto,
178Ontario, Canada) and were referenced to the CH3 resonance of creatinine
179at 3.13 ppm. Spectra were aligned using the CluPA algorithm (VU T.N.,
180Laukens K., Valkenborg D. (2012) speaq: an R-package for NMR spectrum
181alignment and quantitation. R package version 1.1.). The spectral region
182between 4.7 and 5.0 ppm was removed prior to statistical data analysis
183to avoid variability due to the residual water signal. Data were reduced
184to 470 bins by intelligent bucketing; the obtained data set was normal-
185ized by Total Sum Normalization and mean centring and Pareto scaling
186were applied.

1872.5. Blood sample, glutathione and curcumin quantification

188Whole blood samples were collected at day 34 and stored in
189heparinised tubes at −20 °C until analysis. GSH was measured using a
190previously described method [25]. Briefly, a 20 mM GSH stock solution
191in water was used to prepare calibration curves. The precipitating solu-
192tion was prepared bymixing 150 μL of a solution containing NEM, EDTA
193and γ-Glu-Glu (in water/methanol, 85/15 (v/v)) with 50 μL of SSA; the
194final concentrations in the precipitating solution were 20 mM, 2 mM,
195250 μM and 2% (w/v) for NEM, EDTA, γ-Glu-Glu and SSA, respectively.
196Curcumin was measured using a previously published method using
197SPE extraction [23].
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198 2.6. Statistical data analysis

199 Multivariate data analysis based on projection methods was applied
200 for statistical data analysis. Specifically, exploratory data analysis was
201 performed by principal component analysis (PCA) while a new projec-
202 tion to latent structures (PLS)-based method was applied to study the
203 changes in the urinary metabolome during the experiment. While PCA
204 is a well-known technique used in multivariate data analysis [26], the
205 PLS-based approach applied to model the data collected during our lon-
206 gitudinal study was recently published by our group [21] and will be
207 summarized in the following. A more detailed description of our pro-
208 posed method is reported in the supplementary materials. Projection
209 to latent structures by partial least squares regression (PLS) [27] is an ef-
210 fective and robust regression technique used to investigate the relation-
211 ships existing between two blocks of data, usually called X- and Y-block.
212 In metabolomics applications, PLS often produces a large number of la-
213 tent componentswith the result to compromise a clear interpretation of
214 the model. For this reason, we elaborated a post-transformation meth-
215 od, called post-transformation of PLS2, able to decompose the struc-
216 tured variation of the X-block discovered by PLS into two main blocks
217 corresponding to the variations correlated (the so called parallel or pre-
218 dictive block) and orthogonal to the Y-block by a suitable rotation of the
219 weights of the PLS model. Post-transformation of PLS2 is a three step
220 approach. In the first step, a PLS regression model is built on the data;
221 in the second step, the weight matrix of the model is rotated while in
222 the third step a regression model is rebuilt by using the same frame-
223 work of the PLS algorithm but the new weight matrix to project the
224 data. The relationships between the X-block and the Y-block can be
225 investigated by exploring only the parallel part of the model by using
226 suitable correlation loading plots. As a result, the model obtained by
227 post-transformation of PLS2 maintains the same power in prediction
228 and regression coefficients of the unrotated PLSmodel but can be easily
229 interpreted because the number of components useful to interpret the
230 model is usually reduced. Post-transformation of PLS2 can be applied
231 to model longitudinal studies by considering the experimental data
232 and the design matrix as X- and Y-block, respectively. In our study, we
233 supposed an interaction model to define the design matrix. The signifi-
234 cance of the terms time, treatment and time× treatment included in the
235 model was evaluated by permutation tests.
236 To avoid over-fitting and prove the robustness of the obtained
237 models, we performed N-fold full cross-validation with different values
238 of N (N=6, 7, 8) and a permutation test on the response (500 random
239 permutations) according to good practise for model validation. Data set
240 comparison was performed by Bidirectional Orthogonal Projections to
241 Latent Structures (O2PLS) [28].
242 PCA and PLS models were built using SIMCA 13 (Umetrics, Umea,
243 Sweden) while the platform R 3.0.2 (R Foundation for Statistical
244 Computing) was used to perform t-test and Mann–Whitney test, to
245 post-transform the PLS model (user-written R function) and to build
246 the O2PLS model (user-written R function).

247 3. Results

248 3.1. Animal weight and urinary output

249 No differences in the treated vs control group were observed in
250 animal weight and 24-h urinary output during the experiment. Data
251 are summarized in Table 1.

252 3.2. Data analysis of the 1H NMR and HPLC–MS data sets

253 Exploratory data analysis on the two data sets did not show the
254 presence of outliers in the data. PCA models of the urines collected on
255 day 0 did not show differences between rats belonging to the control
256 or the treated group.

257As a first step of our data modelling strategy, the two data sets were
258compared to investigate the common information shared by NMR and
259HPLC–MS. To this end, we scaled both data sets to unit variance and ap-
260plied O2PLS (Fig. 1). The obtained model showed a joint overlapping
261variation described by 3 latent components (R2 = 0.59 for NMR and
262R2 = 0.45 for HPLC–MS), a unique systematic variation for NMR having
2634 latent components (R2= 0.19) and a unique systematic variation of 4
264latent components for HPLC–MS (R2= 0.29). As a consequence, we can
265conclude that a large part of the systematic variation of the two data sets
266contains the same information while only a small part is unique and
267non-overlapping in the two data sets. Fig. 1 shows the score scatter
268plot for the first and the second latent components describing the
269joint co-variation of the two data sets: the common information can
270be qualitatively interpreted in terms of the effects of time evolution
271and curcumin supplementation. This first model considers only the
272correlation structure existing between the NMR and the HPLC–MS
273data sets, and ignores the chemical identity of the variables used. For
274this reason, we cannot consider the two data sets as equivalent as will
275be proven with the following models.
276In the second part of our data modelling strategy, post-transformed
277PLS2models of the data related to urine samples collected from day 6 to
278day 33 proved that the interaction term time × treatment was not sig-
279nificant at the level of 95% and that a simple linear model can be used
280for the design matrix. Both the model obtained for the 1H NMR data
281set and that obtained for the HPLC–MS data set clearly showed the ef-
282fects of time and treatment on the metabolic profile of the urine as it
283can be observed in the score scatter plots of Figs. 2 and 3. The model
284for the 1H NMR data set had A = 2 + 4 components, R2 = 0.74 and
285Q2 = 0.52 for treatment and R2 = 0.77 and Q2 = 0.70 for time while

t1:1Table 1
t1:2Variations of bodyweight and 24-hurine output of the rats during the course of the exper-
t1:3iment. The differences between the two groupswere not statistically significant according
t1:4to t-test and Mann–Whitney test (both p-values were N0.10).

t1:5Body weight (g) Urine volume (mL)

t1:6Day Control Treated Control Treated

t1:70 78.8 ± 3.7 78.8 ± 3.1 6.3 ± 4.0 7.0 ± 2.4
t1:86 110.0 ± 5.0 107.6 ± 7.3 10.7 ± 3.0 15.3 ± 6.5
t1:915 190.3 ± 20.4 180.8 ± 20.8 12.7 ± 2.2 15.7 ± 5.3
t1:1022 230.8 ± 38.1 217.0 ± 39.6 13.8 ± 2.0 16.5 ± 2.7
t1:1128 254.8 ± 44.8 236.8 ± 45.1 11.2 ± 1.8 11.8 ± 2.1
t1:1233 278.5 ± 60.8 262.8 ± 55.0 11.5 ± 1.5 10.6 ± 1.2
t1:1342 300.3 ± 68.7 290.3 ± 64.0 10.0 ± 2.9 10.3 ± 3.1

Fig. 1. Score scatter plot describing the joint systematic variation explained by the first and
the second latent component of the O2PLS model; different symbols and colours were
used to allow the interpretation of the observed patterns in terms of time evolution and
treatment effect. C= control; T= treated; thenumbers refer to theday of urine collection.
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286 the model for the HPLC–MS data set had A = 2+ 2 components, R2 =
287 0.73 and Q2= 0.44 for treatment and R2= 0.85 and Q2= 0.64 for time.
288 (See Fig. 4.)Q4

289 By analysing the correlation loading plots of the obtained models, it
290 was possible to find variables characterizing the time evolution of the
291 samples and the effects of curcumin administration on the rat urine
292 metabolome.
293 Days 15, 28 and 33 were selected as key points of the experiment to
294 check the presence of significant modifications of control vs. treated
295 groups in the metabolites highlighted by our analysis.
296 Considering the 1H NMR data, resonances associated with the dis-
297 crimination between control and treated groups were observed in the
298 range of deshielded protons (8.17–8.50 ppm), but it was not possible
299 to assign any knownmetabolite to those signals. Tentative assignments
300 were deduced on the basis of spectral data for bins as reported in
301 Table 2. Hippuric acid, 2-oxoglutarate and trimethylamine N-oxide
302 (TMAO) levels were higher in the treated group compared to the
303 control. On the other hand, the urinary marker of oxidative stress,
304 8-hydroxy-2′-deoxyguanosine (8-OHdG), was higher in the control
305 group. The correlation loading plot obtained for the model of the
306 HPLC–MSdata set highlighted significant differences in a set of variables

307that were chemically identified and are related to oxidative stress.
308Specifically, our untargeted approach confirmed the metabolites found
309in our previous targeted approach [21]. Indeed, four urinary markers
310of the oxidative status of the animals, i.e., allantoin, m-tyrosine, 3-
311nitrotyrosine, and 8-OHdG, were identified in the urine on the basis of
312their m/z value and fragmentation patterns compared to those regis-
313tered in the Human Metabolome Database and Mass Bank Database.
314Furthermore, urinary levels of two sulphur containing compounds,
315namely taurine and cystine were modified during the experiment. In
316Table 3, the calculated reduction of these metabolites as average mea-
317sured data of treated vs. control animals on days 15, 28 and 33 are re-
318ported. Allantoin, 3-nitrotyrosine, m-tyrosine, and 8-OHdG levels were
319significantly decreased in the treated compared to the control group
320starting from day 6 of urine collection, and also at the end of the treat-
321ment (Table 3). Surprisingly, on day 28 the average m-tyrosine levels
322were higher (+13%) in the treated group.
323Onday 33, allantoin,m-tyrosine, and 8-OHdG reductions in the treat-
324ed group compared to controls were significant (p-value b 0.10 for both
325t-test and Mann–Whitney test). Significant (p-value b 0.10 for both
326t-test and Mann–Whitney test) changes were also observed for taurine
327(−24%) and cystine (−40%) in the treated group compared to controls
328(Table 3). The levels of these metabolites were measured also 10 days
329after the administration of Curcuma extract stopped (day 42). At
330this point (day 42) no significant differences in urinary composition
331were observed between treated and control groups showing that the
332observed changes were reversible with the interruption of curcuma
333extract administration.

3343.3. Whole blood glutathione (GSH) and curcumin levels

335Blood samples were collected at the end of the treatment (day 34)
336and GSH and curcumin levels were measured. We did not find any dif-
337ference between the average concentration of whole blood GSH in the
338control and the treated group on day 34. Curcumin, curcumin glucuro-
339nide and curcumin sulphate were not detectable in either the treated
340or control groups.

3414. Discussion

342Food supplements and nutraceuticals with claimed antioxidant
343properties are enjoying a growing diffusion because of their health-pro-
344moting effects. Polyphenols are a large group of phytochemicals that
345present strong chemical antioxidant properties. Their health benefits
346are often claimed based on their antioxidant properties in vitro, but ev-
347idence for in vivo antioxidant effects is still limited since no validated
348in vivo biomarkers have been identified and no long-term studies are
349available [1,29–31]. Metabolomics offers new opportunities for the
350evaluation of in vivo antioxidant properties of complex mixtures such
351as natural products [32–34]. The study of urinary metabolome and uri-
352nary biomarkers of oxidative stress is attractive because sample collec-
353tion is simple and non-invasive [20] and may lead to the observation of
354modified levels of metabolites that can be considered as a starting
355points for depicting new mechanisms of in vivo antioxidant activity. In
356this paper, we report significant changes in the urinary metabolome of
357healthy rats, orally treated with curcumin, compared to controls in
358data sets obtained both by NMR and HPLC–MS. These results confirm
359our previous findings obtained using a different experiment design: a
360lower dose of curcumin extract (80 mg/kg) was administered, and a
361targeted HPLC–MS approach was used, by selecting 25 metabolites in
362the urine chromatogram [21]. In the presentwork,we identified a larger
363number of metabolites that are related to curcumin supplementation in
364healthy rats.
365Themetabolic changes revealed byNMR data are related to phenolic
366compound metabolism. Previously published papers reported increase
367in urinary hippuric acid levels after administration of fruit and polyphe-
368nol rich foods [35]. Other authors reported that the oral administration

Fig. 2. 1H NMR data set: score scatter plot for the post-transformed PLS2 model; the time
evolution of the composition of the collected urines is described by the horizontal axis
(tp [1]) while the vertical axis (tp [2]) represents the effects of the different treat-
ment. C = control; T = treated; the numbers refer to the day of urine collection.

Fig. 3.HPLC–MSdata set: score scatter plot for the post-transformed PLS2model; the time
evolution of the urinary metabolome can be observed along the horizontal axis (tp [1])
while the effects of the treatment are included in tp [2] (vertical axis). C = control;
T = treated; the numbers refer to the day of urine collection.
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369 of the flavonoid quercetin to rats, in an NMR-based metabolomic
370 study, resulted in an increase in choline, creatinine, dimethylglycine,
371 hippurate, taurine, and TMAO and in the reduction in acetate, alanine,
372 and lactate [36]. These authors considered the general changes of such
373 compounds as modification in osmolyte levels thus suggesting that
374 these data may indicate improved glomerular or general renal function
375 and correlated their observation in kidney osmolyte activity to the po-
376 tential beneficial effects of quercetin on kidney function and hyperten-
377 sion [36]. Our data showed a higher level of creatinine and taurine in
378 the control group. It is difficult to correlate the decreased urinary creat-
379 inine levels in the treated group with any biological meaning. On the
380 contrary, the reduced urinary taurine levels, confirmed our previous
381 observations [21] and other published papers that reported lowered
382 taurine brain concentrations in curcumin-treated rats [37]. Taurine
383 has been previously reported to decline in a number of tissues with
384 advancing age and also in rats, the urinary levels were significantly
385 reduced with ageing [38]. On the other hand, increased urinary taurine
386 levels have been indicated as a specific marker of liver toxicity [37,38].
387 Cystine levels were also significantly reduced on day 33, but thismetab-
388 olite can also derive from cysteine modification during 24-h urine
389 collection so that it is difficult to assess its meaning in this bio-fluid.

390Trimethylamine N-oxide (TMAO) is an oxidation product of
391trimethylamine (TMA), and both these compounds are products of
392choline metabolism. The methylamine pathway is a typical example of
393microbial–mammalian co-metabolism and is well known that intestinal
394microbiota plays a role in the catabolism of choline in humans and ro-
395dents [39]. Dietary choline is converted in TMA by gut microbiota and
396TMA is mainly oxidized to TMAO [39–41]; thus, an increase of suchme-
397tabolite may be related to the influence of the oral curcumin treatment
398on intestinal microbiota. There is strong interest in the evaluation of
399TMAO plasmatic or urinary levels due to various physio-pathological
400functions that have been proposed for this compound. In fact, recent
401animal studies have shown a link between intestinal microbial
402metabolism of the choline moiety in dietary phosphatidylcholine and
403coronary diseases through the production of TMAO, considered as a
404proatherogenic compound. In humans, the production of TMAO from
405dietary phosphatidylcholine is dependent onmetabolismby the intesti-
406nal microbiota. Furthermore, ingestion of different types of foods, such
407as eggs or fish, may influence TMAO plasma levels [41–43]. Other
408authors reported the ability of oral broad-spectrum antibiotics to tem-
409porarily suppress the production of TMAO suggesting that intestinalmi-
410croorganisms participate in phosphatidylcholine metabolism to form
411circulating and urinary TMAO [41,44]. Increased plasma TMAO levels
412are associated with an increased risk of incidence of major adverse
413cardiovascular events [41,44]. The role of TMAO appears to be complex,

Fig. 4. Representative 600 MHz 1H NMR spectra of urine after oral administration of curcumin in rats. (a) Aliphatic region (0.0–4.5 ppm). (b) Aromatic region (5.0–9.5 ppm). The vertical
scale in the aromatic region was magnified four times compared with that in the aliphatic region.

t2:1 Table 2
t2:2 Comparison of selected bins observed in the NMR data set; differences between treated
t2:3 and control group are reported in terms of increase or decrease of the NMR integral.
t2:4 *p-value b 0.10 for both t-test and Mann–Whitney test; #difference in the mean values,
t2:5 but not significant at the level of 90% for both t-test and Mann–Whitney test.

t2:6 ppm Assignment Day 15 Day 28 Day 33

t2:7 8.50–8.17 Not Assigned NC* NC# NC*
t2:8 7.57–7.55 Hippuric acid NT# NT* NT#

t2:9 4.30 Creatinine NC# NC* NC*
t2:10 3.95 8-OHdG NC# NC* NC*
t2:11 3.32 Not assigned NT* NT# NT#

t2:12 3.23–3.22 TMAO NT* NT* NT#

t2:13 3.19 2-Oxoglutarate NT* NT# NT*
t2:14 2.81 Citrate NC# NT* NT*
t2:15 1.81–1.79 Hydroxybutyrate NC* NC* NC#

t3:1Table 3
t3:2Oxidative stress urinary markers reduction in the treated group as a percentage of the
t3:3value of the control group; *p-value b 0.10 for both t-test and Mann–Whitney test,
t3:4#difference in the mean values, but not significant at the level of 90% for both t-test and
t3:5Mann–Whitney test.

t3:6Day 15 Day 28 Day 33

t3:7Allantoin −31.0⁎ −16.0# −34.0⁎

t3:83-Nitrotyrosine −23.0# −18.0# −27.0#

t3:9m-Tyrosine −0.2# +13.0# −20.0⁎

t3:108-OHdG −0.7# −19.0# −28.0⁎

t3:11Taurine −4.4# −26.0⁎ −24.0⁎

t3:12Cystine −24.0# −29.0⁎ −40.0⁎
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414 but our data indicate that curcumin oral administration modifies
415 the microbiota or influences the urinary excretion of this compound
416 thus leading to changed urinary levels in the treated group. This result
417 suggests a role of the intestinal microbial population in the mechanism
418 of action of curcuminoids. Recently, the ability of curcumin supplemen-
419 tation to modulate colonic microbiota during colitis and colon cancer
420 prevention was studied showing an increase in microbial diversity and
421 restoration of colonic microbial composition to that observed in healthy
422 WT animals compared to mouse model of IBD-associated colon cancer
423 [45].
424 Urinary levels of somemarkers of oxidative stress were significantly
425 reduced because of the treatment, as demonstrated by HPLC–MS
426 results. Allantoin is considered a urinary marker of oxidative stress,
427 because it is the predominant product of non-enzymatic oxidation of
428 uric acid by many types of free radicals, and it is considered a valid
429 biomarker of oxidative state especially in humans [20].
430 m-Tyrosine is considered a promising biomarker for oxidative dam-
431 age to proteins [46]. The highly reactive hydroxyl radical oxidizes phe-
432 nylalanine residues to o-tyrosine and m-tyrosine and increased levels
433 of these metabolites are correlated to an increased ROS production
434 from normal metabolic processes or from exposure to exogenous
435 factors. Also reactive nitrogen species react readily with tyrosine and
436 protein-associated tyrosine to form free 3-nitrotyrosine and protein-
437 associated 3-nitrotyrosine, respectively [47]. Urinary 3-nitrotyrosine is
438 a potential biomarker thatmay reflect the enhanced generation of reac-
439 tive nitrogen species and it has been proposed as a biomarker to detect
440 changes in oxidative stress and to evaluate the efficacy of therapeutic
441 interventions aimed at reducing oxidative stress [48].
442 Urinary 8-OHdG is considered a biomarker of generalized cellular ox-
443 idative stress because it is one of the predominant products of oxidized
444 DNA repair [49]. Because it is fairly water-soluble, it will be excreted
445 into the urine without being further metabolized and it is considered
446 a stable end product of non-enzymatic DNA oxidation [20]. Therefore,
447 increased urinary levels of 8-OHdG could be correlated to an increase
448 of oxidative DNA damage [20]. Our experiment showed significant
449 reduction of some of these urinary markers of oxidative stress after
450 33 days of treatment (see Table 3), suggesting an in vivo antioxidant
451 effect of curcumin supplementation in the healthy rat.
452 To have a further parameter related to the oxidative state of the
453 animals at the end of the treatment, blood samples were collected on
454 day 34 and GSH levels were measured. The average blood GSH
455 levels showed no difference (t-test p-value b 0.01) between the control
456 and the treated group. Other authors reported similar results in a
457 study that evaluated the effect of curcumin and one analogue [bis-1,7-
458 (2-hydroxy-phenyl)-hepta-1,6-diene-3,5-dione] (BDMC-A) on carbon
459 tetrachloride-induced hepatotoxicity in rats. Control and curcumin-
460 treated groups presented the same GSH values, while significant in-
461 crease in plasma GSH levels was observed in the animals group treated
462 with CCl4 and curcumin compared with the CCl4 treated ones [50].
463 However, a previous study reported a role for curcumin against GSH
464 depletion-mediated mitochondrial dysfunction in vitro and in vivo [51].
465 Another study reported a significant effect of curcumin on GSH biosyn-
466 thesis in alveolar epithelial cells [52]. Other researchers have considered
467 that some of the most important effects of curcumin, such as the anti-
468 carcinogenic, antimutagenic, antioxidant and cytoprotective activities
469 can be explained by its inhibitory effect on glutathione S-transferase
470 (GST) [15]. The capacity of curcumin to protect rats from adriamicin
471 (ADR) nephrotoxicity was demonstrated [53]. Curcumin protected
472 against ADR-induced renal injury by suppressing oxidative stress and
473 increasing kidney glutathione content and glutathioneperoxidase activ-
474 ity; nevertheless, in the same paper, kidney GSH levels of animals treat-
475 ed either with saline or curcumin were similar showing that curcumin
476 treatment does not increase kidney GSH levels but can restore ADR-
477 induced GSH depletion.
478 Our results indicate that curcumin supplementation does not
479 increase blood GSH levels in healthy subject. Considering this result

480the low plasma concentration of curcumin due to its poor absorption,
481must be underlined. Previous studies have reported that, due to poor
482bio-availability, only traces of curcumin are detected in plasma after
483oral administration [12]. Also our data showed no detectable curcumin
484and curcumin conjugatedmetabolites in blood 24 h after the last admin-
485istration (day 34) indicating rapid elimination of the compound from the
486bloodstream, in agreement with previously published results that re-
487ported the curcumin plasma peak 40 min after oral administration of
488500 mg/kg in rats [54]. A large amount of orally administered curcumin,
489due to poor absorption, is present at the intestinal level so that the intes-
490tinal mucosa is exposed to higher concentrations of curcumin and for
491this reason, interactions of curcumin with GSH and GST are likely to be
492more significant in intestinal epithelial cells rather than in plasma [55].
493In our healthy animal model, curcumin supplementation is not likely to
494play a prominent role to change GSH levels in plasma.

4955. Conclusions

496In this work we used both 1H NMR and HPLC–MS techniques to
497study the modification of urinary composition in rats treated with C.
498longa extract correlated with in vivo antioxidant activity. Multivariate
499analysis on 1H NMR and HPLC–MS data produced similar representa-
500tions for the collected samples. The two different approaches were
501able to detect variations in the urinary metabolome, leading to the ob-
502servation of different components, showing the complementarity of
503these two analytical techniques for metabolomic purposes. The results
504of the present study are in agreement with our previously published
505data obtained with a lower curcumin dose and using a targeted 1H
506NMR and HPLC–MS approach [21]. The evaluation of the effects
507of Curcuma extract on urinary composition in healthy rats by a
508metabolomic approach led us to observe evidence for an in vivo antiox-
509idant effect caused by a significant reduction in the amount of urinary
510biomarkers of oxidative stress such as allantoin,m-tyrosine, 8-OHdG. A
511tendency to the reduction of 3-nitrotyrosine was also observed. Our
512metabolomics-based study supports an in vivo antioxidant effect of
513the oral administration of Curcuma extract to healthy rats. The observa-
514tion that urinary TMAO levels are increased in the treated compared
515to the control groupmaybe related to the influence of curcumin supple-
516mentation on microbiota, as recently indicated by other research
517groups, or on the urinary excretion of this metabolite. Urinary levels of
518taurine and cystine, sulphur containing compounds, were also changed
519suggesting a role for such constituents in the biochemical pathways in-
520volved in Curcuma extract bioactivity and indicating the need for further
521investigation on curcumin effects. The undetectable plasmatic levels of
522curcumin and its conjugates confirmed its rapid elimination from the
523bloodstream after oral administration indicating that the contribution
524to the whole antioxidant activity by a direct radical scavenging action
525is negligible. The unchanged plasmatic GSH amount in treated and
526control group indicates that curcumin supplementation in the health
527subject does not increase this endogenous antioxidant's levels.
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