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Abstract: Curcuma longa constitutes an important source of secondary metabolites that have been 16 

associated with multiple health benefits. For instance, curcumin, demethoxycurcumin and bisde- 17 

methoxycurcumin, have been found to perform important biological activities, such as anti-inflam- 18 

matory, antioxidant, anticancer, antimicrobial, antihypertensive and anticoagulant. These promis- 19 

ing results prompted this research to evaluate the polyphenols of C. longa rhizomes in Costa Rica. 20 

The present work reports a comprehensive study on the polyphenolic profile and the contents of 21 

the three main curcuminoids as well as the antioxidant activity of extracts from C. longa rhizomes 22 

(n = 12) produced in Costa Rica. Through UPLC-QTOF-ESI MS, a total of 33 polyphenols were iden- 23 

tified, grouped in eight types of structures. In addition, our findings on the main curcuminoids 24 

using UPLC-DAD show all rhizomes complying with total curcuminoids (TC) content established 25 

by the United States Pharmacopeia (USP). At individual level, samples NW-3 and NE-1 show the 26 

higher contents (118.7 and 125.0 mg/g dry material), representing more than twice the average val- 27 

ues of the lowest samples. These samples also exhibit the highest Folin-Ciocalteu (FC) reducing 28 

capacity results as well as the best DPPH (IC50 15.21 and 16.07 µg extract/mL) and NO (IC50 between 29 

52.5 and 54.3 µg extract/mL) antioxidant values. Further, Pearson correlation analysis findings in- 30 

dicated positive correlation (p < 0.05) between TC, CUR with FC results (r = 0.833 and r = 0.867 31 

respectively) and negative correlation (p < 0.05) between CUR, TC and FC with DPPH results (r = - 32 

0.898, r = -0.911, and r = -0.890, respectively) and between NO results and DPPH (r = -0.805, p < 0.05). 33 

Finally, results for Principal Component Analysis (PCA) showed composition variability associated 34 

with their region of origin with products from the Northeastern (NE) region exhibiting higher av- 35 

erage values for FC, TC and antioxidant activities. Further, PCA confirmed that two samples, 36 

namely NE-1 and NW-3 stand out by presenting the highest PC1 due to their particularly high TC, 37 

CUR and antioxidant activities. Consequently, our findings agree with previous results indicating 38 

the importance of C. longa extracts to elaborate products with potential benefits for health, while 39 

delivering extracts with higher levels of curcuminoids than previous reports and exhibiting high 40 

antioxidant activity. 41 
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1. Introduction 46 

Turmeric species are found throughout the South and South East Asian countries, 47 

with a few species extending their distribution to South Pacific and Australia [1]. Curcuma 48 

longa in particular is the most common and due to its medicinal properties, has been do- 49 

mesticated in several other regions including Central and South America [2]. 50 

Among their phytochemical profile, polyphenols are the most abundant type of com- 51 

pound in turmeric. Numerous studies have demonstrated the role played by polyphenols 52 

as health modulators. Their versatility encompasses not only as powerful preventive sub- 53 

stances but also as therapeutical agents. Those characteristics are specially embodied by 54 

curcuminoids, the main and most abundant category in turmeric [3]. Curcuminoids are 55 

diketone molecules, formally classified as diarylheptanoids with different functional 56 

groups that allows them to react and interact with several biochemical machinery [4]. 57 

Reactive oxygen species play an important role in control of inflammatory outcomes 58 

and are critical for an appropriate response against pathogens and diseases [5][6]. It has 59 

been reported that the antioxidant nature of curcuminoids, associated with its ability to 60 

eliminate free radicals through its reactive sites, allows them to act in the prevention of 61 

metabolic and cardiovascular diseases [7][8].  62 

Other studies have found promising evidence for the therapeutic effects of curcumi- 63 

noids in degenerative and autoimmune diseases involving inflammatory processes such 64 

as multiple sclerosis [9], psoriasis [10], osteoarthritis [11], ulcerative colitis [12], diabetes 65 

and cardiovascular diseases [13], cancer [14], abnormal pulmonary inflammatory re- 66 

sponses [15] and in modulating the immune response to counteract the SARS-CoV-2 in- 67 

fections [16][17].  68 

Antioxidant balance is key to maintain optimal health conditions and the alteration 69 

of such balance is a common factor in diseases. Studies on the contents of secondary me- 70 

tabolites in natural products, which can act as potential antioxidant sources, have become 71 

thus more important, which in turn accounts for increased interest in scientific studies of 72 

foods such as turmeric [18].  73 

Hence, the objective of this work was to obtain extracts of C. longa rhizomes produced 74 

in different parts of Costa Rica (n = 12), using Pressurized Liquid Extraction (PLE), which 75 

has been used to improve polyphenols extraction [19][20], in order to characterize their 76 

polyphenols through UHPLC-QTOF-ESI MS. In addition, our work aimed to determine 77 

the main curcuminoids contents using UHPLC-DAD and to evaluate their antioxidant 78 

activity through FC, DPPH and NO methods, applying correlation studies and Principal 79 

Component Analysis (PCA) to the data obtained. Further, to the best of our knowledge, 80 

this is the first detailed study on turmeric from Central America. 81 

2. Materials and Methods 82 

2.1. Curcuma longa rhizomes, Chemicals, and Reagents 83 

Rhizomes from C. longa were acquired in ripe state from producers from different 84 

places in Costa Rica, namely four in the Northern region (NR-1, NR-2, NR-3, NR-4), four 85 

from the Northeastern region (NE-1, NE-2, NE-3, NE-4), three from the Northwestern re- 86 

gion (NW-1, NW-2, NW-3) and one from the Western region (WR-1). Solvents of ACS or 87 

HPLC grade, for instance methanol, acetonitrile and acetone were acquired from Baker 88 

(Center Valley, PA, USA). Reagents such as curcumin standard, sodium molibdate, gallic 89 

acid, 2,2-diphenyl-1-picrylhidrazyl (DPPH), gallic acid, and sodium tungstate sodium ni- 90 

troprusside (SNP), naphthylethylenediamine dihydrochloride, sodium nitrite and sul- 91 

fanilamide, were obtained from Sigma-Aldrich (St. Louis, MO, USA). 92 

2.2. Extraction and quantification of Phenolic Compounds from C. longa rhizomes. 93 

To determine the best conditions for extraction of C. longa rhizomes, extraction pro- 94 

cesses were carried out in a Pressurized Liquid Extraction (PLE) equipment (Accelerated 95 

Solvent Extractor, Dionex™ASE™300 Accelerated Solvent Extractor (Thermo Scientific™, 96 
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Walthman, MA, USA). A factorial 23 design (FD) was performed using three-factors with 97 

two-levels each for the extraction process, namely solvents (methanol and acetone), two 98 

conditions of temperature (60 and 80 °C) and two different extraction static times (6 and 99 

10 min). The details and sequence of the FD experiments is summarized in Table 1 (section 100 

Results and Discussion). The efficiency of the extractions was determined using and Ulti- 101 

Mate U3000 (Thermo Scientific, USA) UPLC-DAD system for the quantification of the 102 

three main curcuminoids, namely curcumin (CUR), demethoxycurcumin (DMC), and 103 

bisdemethoxycurcumin (BDM), based in the United States Pharmacopeia (USP) chroma- 104 

tographic method [21]. Quantification of these compounds was performed against 105 

the calibration curve of curcumin standard (Sigma-Aldrich, St. Louis, MO, USA), using a 106 

Luna RP-C18 column (150 mm × 4.6 mm i.d. x 4 µm, Phenomenex, Torrance, CA, USA) 107 

with a pre-column filter (Phenomenex, Torrance, CA, USA) at 25 °C. Solvents used in the 108 

mobile phase were water (A), methanol (B), and acetonitrile (C), and an isocratic elution 109 

program of 45% A, 15% B and 40% C was applied. The DAD was operating at 250–420 110 

nm. For the calibration curve of CUR, the limit of detection (LOD) and the limit of quan- 111 

tification (LOQ) were 0.6 and 1.9 ppm respectively, for DMC were 1.1 ppm and 3.5 ppm 112 

respectively and for BDM were 1.0 ppm and 3.5 ppm respectively. Once the optimal con- 113 

ditions were established, C. longa extracts (n = 12) were obtained from the corresponding 114 

dry material using a Dionex™ASE™300 Accelerated Solvent Extractor (Thermo Scien- 115 

tific™, Walthman, MA, USA) at a temperature of 80 °C and 10 min static time for 3 cycles 116 

and employing acetone as solvent. The extracts were dried out using a Buchi™215 (Flawil, 117 

Switzerland) rotavapor to determine the extract yield. UPLC-DAD quantification for the 118 

three main curcuminoids was carried-out according to the chromatographic method de- 119 

scribed above.  120 

2.2. UPLC-QTOF-ESI MS 121 

The UPLC-MS system used to analyze the composition of C. longa extracts consisted 122 

of a Xevo G2-XS QTOF (Waters, UK) coupled with an AQUITY H Class UPLC system 123 

with quaternary pump. ESI source parameters were set to a capillary voltage of 2 kV, 124 

sampling cone of 20 eV, source temperature of 150 °C, and source offset of 10 °C. The 125 

desolvation temperature was set at 450 °C, the cone gas flow at 0 L/h and the desolvation 126 

gas flow at 900 L/h. 127 

Measurement was performed in MSe high resolution negative mode using an acqui- 128 

sition mass range from 100 m/z to 2000 m/z and a scan rate of 0.5 s, where fragmentation 129 

was carried out using Independent Data Acquisition for all eluting compounds with col- 130 

lision energy ramp from 20 V to 30 V storing at the high energy function. Instrument cal- 131 

ibration was applied in the mass range of the measurement with sodium formate. Lock 132 

mass correction was applied directly to the measurement using leucine enkephalin infu- 133 

sion measured each 30 s during the run. The data was analyzed using MassLynx V4.2 134 

software from Waters. 135 

Separation was carried out on a Luna RP-C18 column (150 mm × 4.6 mm i.d. x 4 µm, 136 

Phenomenex, Torrance, CA, USA) with a pre-column filter (Phenomenex, Torrance, CA, 137 

USA). Solvents used in the mobile phase were water with 0,1% formic acid (A) and ace- 138 

tonitrile with 0,1% formic acid (B). Then, 1 μL of sample was injected with a flow rate of 139 

0.4 mL/min at 40 °C. The chromatographic gradient started at 75%A and 25% B, changing 140 

to 35% A and 65% B at 15 min, then to 15% A and 95% B, at 35 min, holding it for 2 min. 141 

Then, the column was equilibrated for 5 min to initial conditions. 142 

2.3. Folin-Ciocalteu Determination 143 

The determination was performed through a modified Singleton and Rossi method, 144 

employing the Folin–Ciocalteu (FC) reagent, which is composed of a mixture of phospho- 145 

tungstic and phosphomolybdic acids. As previously reported [22], the assay comprises 146 

mixing 10 mL of Na2CO3 (7.5%) and 0.5 mL of FC reagent with 0.5 mL of the respective C. 147 
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longa extract previously prepared in acidified MeOH (0.1% HCl). Subsequently, the vol- 148 

ume was completed to 25 mL with water. A blank was prepared following the same pro- 149 

cedure using 0.5 mL of MeOH (0.1% HCl) in place of the extract. Both extract mixtures 150 

and blank were kept in the dark for 1 h, and afterwards absorbance was measured at 750 151 

nm. The absorbance measurements obtained were extrapolated in a gallic acid calibration 152 

curve to obtain Folin-Ciocalteu (FC) reducing capacity results, further expressed as mg 153 

gallic acid equivalents (GAE)/g of extract. Each determination was performed in triplicate. 154 

2.4. DPPH Antioxidant Activity 155 

DPPH evaluation was performed as previously reported [23]. Initially, a solution of 156 

the reagent, 2,2-diphenyl-1-picrylhidrazyl (DPPH) (0.25 mM) was elaborated employing 157 

methanol as solvent. Then, 0.5 mL of the prepared DPPH solution were mixed with 1 mL 158 

of C. longa extract at different concentrations. These solutions were incubated at 25° C in 159 

the dark for 30 min at room temperature. The DPPH absorbance was measured at 517 nm. 160 

In addition, blanks were elaborated for each concentration. Trolox was used as control. 161 

The inhibition percentage was determined as shown in the following equation: 162 

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =
(𝐴𝑏𝑠𝑏𝑙𝑎𝑛𝑘 − 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒)

𝐴𝑏𝑠𝑏𝑙𝑎𝑛𝑘

∗ 100 (1) 

The inhibition percentage was plotted against the respective sample concentration to 163 

determine the IC50, which corresponds to the quantity of sample required to reach the 50% 164 

radical-scavenging activity. Each sample was analyzed in three independent assays. 165 

2.5. Nitric Oxide Scavenging Activity 166 

Nitric oxide (NO) was produced from sodium nitroprusside (SNP) and rapidly trans- 167 

formed into nitrite which is a stable product. The nitrite concentration was determined by 168 

the Griess reaction [24]. SNP (5 mM) was mixed with different concentrations of polyphe- 169 

nol extracts (8-100 µg/mL) and a control of SNP without polyphenols was also prepared. 170 

Trolox was used as control. All the mixtures were prepared in 96-well plates and incu- 171 

bated for 60 min in direct light to enhance NO production. Later, the Griess reagent (1% 172 

sulfanilamide and 0.1% naphthylethylenediamine dihydrochloride in 2% H3PO4) was 173 

added, incubated for 6 min and the absorbance was read at 540 nm. Sample blanks were 174 

prepared for each polyphenol concentration. The percentage of the NO-scavenging activ- 175 

ity of the extract was calculated with the following equation:  176 

% 𝑁𝑂 𝑠𝑐𝑎𝑣𝑒𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
100 ∗ [𝑁𝑖𝑡𝑟𝑖𝑡𝑒𝑠]𝑆𝑁𝑃 − [𝑁𝑖𝑡𝑟𝑖𝑡𝑒𝑠]𝑠𝑎𝑚𝑝𝑙𝑒

[𝑁𝑖𝑡𝑟𝑖𝑡𝑒𝑠]𝑆𝑁𝑃
 (2) 

Finally, NO-scavenging activity was expressed as the amount of extract needed to 177 

reduce 50% of the NO that was generated by SNP (IC50). Samples were analyzed in tripli- 178 

cate. 179 

2.5. Statistical Analysis 180 

In order to evaluate if the total curcuminoid contents (TC) and individual CUR, DMC 181 

and BDM quantification determined by UPLC-DAD play a role in the antioxidant activity, 182 

a Pearson correlation analysis was performed between total and individual curcuminoid 183 

contents and FC, DPPH and NO results. One-way analysis of variance (ANOVA) with a 184 

Tukey post hoc as statistical test was applied to TC, CUR, DMC, BDM, FC, DPPH and NO 185 

findings to evaluate significant differences (p < 0.05) between samples analyzed in the pre- 186 

sent study. In addition, Principal Component Analysis (PCA) was performed to summa- 187 

rize the data obtained from C. longa curcuminoid extracts (n = 12) considering all seven 188 

variables previously mentioned. R (version 1.2.1335) statistical program was used to per- 189 

form the statistical analyses. 190 
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3. Results and Discussion 191 

3.1. Extraction from C. longa rhizomes 192 

Extraction results of the three main curcuminoids from C. longa rhizome NR-1 were 193 

determined through the Pressurized Liquid Extraction (PLE) method applying a factorial 194 

design as previously described in the Materials and Methods section 2.2. The efficiency of 195 

the extraction was evaluated trough quantification of curcumin (CUR), demethoxycurcu- 196 

min (DMC) and bisdemethoxycurcumin (BDM) by UPLC-DAD to yield the total curcu- 197 

minoids contents (TC) in the sample. In the current study, a factorial 23 design (FD) was 198 

employed to evaluate the effect of the three independent variables, namely solvent, tem- 199 

perature and extraction static time. The extractions were conducted under experimental 200 

conditions, as represented in Table 1. FD variables and levels were selected by considering 201 

previous results obtained for polyphenols extraction from food products [19]. For in- 202 

stance, PLE variables included 60 and 80 °C temperature; methanol and acetone as sol- 203 

vents and extraction static times of 6 and 10 min, corresponding within each factor to low 204 

(-1) and high (+1) levels respectively. The experiments were carried-out after randomiza- 205 

tion and every response was the average of two replicates. 206 

Table 1. UPLC-DAD quantification of total curcuminoids in turmeric sample NR-1 under various 207 
PLE conditions. 208 

Experiment Solvent T (°C) Static time (min) TC1,2,3 

1 Methanol 80 10 88.6 a,b ± 1.1 

2 Acetone 80 10 90.8 a ± 3.2 

3 Acetone 80 6 86.6 a,b ± 1.3 

4 Methanol 80 6 81.0 b ± 0.8 

5 Methanol 60 6 65.3 c ± 2.8 

6 Acetone 60 6 57.8 c,d ± 3.7 

7 Acetone 60 10 51.9 d ± 4.7 

8 Methanol 60 10 57.7 c,d ± 1.0 
1 Total Curcuminoids contents (TC) is expressed as mg/g dry material 2 Values are expressed as 209 
mean ± standard deviation (S.D.). 3 Different superscript letters indicate differences are significant 210 
at p < 0.05 using one-way analysis of variance (ANOVA) with a Tukey post hoc as statistical test. 211 

Statistical analysis of the results did not show a significant effect (p < 0.05) for any 212 

variable, 2-way or 3-way interactions in the Half-normal plot of the effects and the Pareto 213 

chart. However, by excluding the 2-way interaction solvent-time showing the least effect, 214 

the FD findings indicated a significant difference (p < 0.05) for the temperature, corre- 215 

sponding to the highest standardized effect, with 80 °C yielding better results. In addition, 216 

2-way interactions temperature-time and solvent-temperature showed also significant 217 

standardized effects (p < 0.05) with acetone and 10 min static time delivering better results. 218 

Finally, the cube plot indicated the highest fitted mean associated with the combination 219 

of these three levels, thus in agreement with the selection of the best conditions for curcu- 220 

minoid extractions from C. Longa rhizomes (n = 12), namely 80 °C of temperature, acetone 221 

as solvent and 10 min static time.  222 

3.2. Polyphenolic Profile by UPLC-ESI-MS Analysis 223 

Through the UPLC-QTOF-ESI MS analysis described in the Materials and Methods 224 

section, 33 polyphenolic compounds were identified in Costa Rican C. longa rhizomes. 225 

Figure 1 shows the chromatograms for these compounds and Table 2 summarizes the 226 

analysis results for the 33 curcuminoids in the samples (n =12).  227 
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 228 

Figure 1. UHPLC QTOF-ESI MS Extracted ion chromatograms of curcuminoids from C. longa rhizomes, in a Phenomenex 229 
Luna RP18 C-18 column (150 mm × 4.6 mm × 4 µm) using a Xevo G2-XS QTOF Mass spectrometer (Waters™, Wilmslow, 230 
UK) in a mass range from 100 to 1000 amu. 231 
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Table 2. Profile of the phenolic compounds identified by UPLC-QTOF-ESI MS in Curcuma longa rhizomes from Costa Rica. 233 

Peak Tentative identification  
Rt 

(min)  

Molecular 

formula 

[M+H]+ 

observed 

MS2  

Fragments 
Sample1 

1 
5-hydroxy-1,7-bis(4-

hydroxyphenyl)hept-1-en-3-one 
7.39 C19H21O4 313.1422 

147, 163, 133, 

107 
NR-1, NR-2, NE-3, NE-4, NW-1 

2 
1,5-bis(4-hydroxy-3-

methoxyphenyl)pent-1-en-3-one 
8.41 C19H21O5 329.1383 137 

NE-1, NE-2, NE-3, NE-4, NW-2, 

NW-3, WR-1 

3 
4-(4-hydroxyphenyl)-2-oxobut-3-en-

1-yl 3-(4-hydroxyphenyl)acrylate 
11.47 C19H17O5 325.1075 147 

NR-1, NR-4, NE-1, NE-2, NE-3, 

NE-4, NW-3, WR-1 

4 Tetrahydrobisdemethoxycurcumin 11.60 C19H21O4 313.1422 149, 107 NR-3, NE-1, NE-3, NE-4, WR-1 

5 Calebin-A isomer 11.71 C21H21O7 385.1276 177 
NR-2, NR-3, NE-1, NE-3, NE-4, 

NW-1, NW-2 

6 
2-(3,4-dihydroxybenzylidene)-5-(-4-

hydroxystyryl)furan-3(2H)-one 
11.74 C19H15O5 323.0922 123, 147 

NR-2, NR-3, NR-4, NE-1, NE-3, 

NE-4, NW-2, NW-3, WR-1 

7 curcumalongin A 11.83 C20H17O6 353.1024 

147, 153, 171, 

269, 293, 321, 

338 

NR-2, NR-3, NR-4, NE-1, NE-2, 

NE-4, NW-1, NW-3 

8 curcumalongin B 12.11 C21H19O7 383.1140 

123, 145, 153, 

177, 201, 294, 

350, 368 

NR-2, NR-4, NE-1, NE-2, NE-4, 

NW-1, NW-3 

9 

2-(3,4-dihydroxybenzylidene)-5-(4-

hydroxy-3-methoxystyryl)furan-

3(2H)-one 

12.19 C20H17O6 353.1024 
123, 150, 153, 

177, 337, 338 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

10 
5-hydroxy-1,7-bis(4-hydroxy-3-

methoxyphenyl)hept-1-en-3-one 
12.39 C21H25O6 373.1652 

145, 163, 177, 

137 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

11 

1-(4-hydroxy-3-methoxyphenyl)-5-

(4-hydroxyphenyl)penta-1,4-dien-3-

one 

13.52 C18H17O4 297.1105 

107, 119, 137, 

145, 147, 173, 

177 

NR-1, NR-3, NE-1, NE-2, NE-4, 

NW-3 

12 

1,5-bis(4-hydroxy-3-

methoxyphenyl)-1,4-pentadien-3-

one 

13.97 C19H19O5 327.1216 137, 145, 177 
NR-1, NE-1, NE-2, NE-3, NE-4, 

NW-1, NW-2, NW-3, WR-1 

13 
1,7-bis(4-hydroxyphenyl)-1,4,6-

heptatrien-3-one 
15.13 C19H17O3 293.1167 

107, 131, 147, 

173, 199, 225  

NR-1, NR-2, NR-4, NE-1, NE-2, 

NE-3, NE-4, NW-1, NW-2, WR-1 

14 
1-(4-hydroxyphenyl)-7-phenylhept-

1-ene-3,5-dione 
15.52 C19H19O3 295.1313 105, 119, 147 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-4, NW-1, NW-2, NW-3, 

WR-1 

15 

1-(4-hydroxy-3-methoxyphenyl)-7-

(4-hydroxyphenyl)hepta-1,4,6-trien-

3-one 

15.67 C20H19O4 323.1253 
107, 131, 137, 

161, 177, 229 

NR-2, NR-3, NE-1, NE-2, NE-3, 

NE-4, NW-1, NW-3 

16 

1,7-bis(4-hydroxy-3-

methoxyphenyl)-1,4,6-heptatrien-3-

one 

16.18 C21H21O5 353.1370 
137, 145, 161, 

177, 225 

NR-1, NR-4, NE-1, NE-2, NE-3, 

NE-4, NW-2, NW-3 

17 Curcumalongin C 16.21 C21H21O7 385.1276 

117, 133, 145, 

161, 177, 193, 

195, 219 

NR-1, NR-2, NE-1, NE-2, NE-3, 

NE-4, NW-2, NW-3, WR-1 

18 

7-(3,4-dimethoxyphenyl)-1-(4-

hydroxyphenyl)hept-1-ene-3,5-

dione 

16.46 C21H23O5 355.1512 119, 147 NR-2, NE-1, NE-2, NE-4, NW-1 



Antioxidants 2022, 11, x FOR PEER REVIEW 8 of 29 
 

 

Peak Tentative identification  
Rt 

(min)  

Molecular 

formula 

[M+H]+ 

observed 

MS2  

Fragments 
Sample1 

19 

2-(4-hydroxy-3-

methoxybenzylidene)-5-(-4-

hydroxy-3-methoxystyryl)furan-

3(2H)-one 

16.56 C21H19O6 367.1176 
137, 177, 201, 

323 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

20 octahydrobisdemethoxycurcumin 17.25 C19H25O4 317.1733 
107, 147, 161, 

281  

NR-2, NR-3, NE-1, NE-2, NE-4, 

NW-1 

21 

7-(3,4-dimethoxyphenyl)-5-hydroxy-

1-(4-hydroxy-3-

methoxyphenyl)hept-1-en-3-one 

17.75 C22H27O6 387.1826 145, 177, 219 NR-1, NR-3, NE-1, NE-4, NW-3 

22 Bisdemethoxycurcumin 17.90 C19H17O4 309.1137 147, 225 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

23 
1,7-bis(3,4-dihydroxyphenyl)-5-

hydroxyhept-1-en-3-one 
18.18 C19H21O6 345.1336 

161, 149, 123, 

147 

NR-1, NR-2, NR-4, NE-1, NE-2, 

NE-3, NE-4, NW-1, NW-2, NW-3, 

WR-1 

24 dihydrodemethoxycurcumin 18.43 C20H21O5 341.1379 
119, 145, 147, 

177  

NR-2, NR-3, NE-1, NE-4, NW-2, 

NW-3 

25 Demethoxycurcumin 18.46 C20H19O5 339.1262 

117, 119, 131, 

145, 147, 177, 

195, 223 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

26 artamenone 18.51 C17H17O3 269.1168 119, 107 
NR-2, NR-3, NE-1, NE-4, NW-1, 

NW-3 

27 

1-(4-hydroxy-3,5-dimethoxyphenyl)-

7-(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3, 5-dione 

18.61 C22H23O7 399.1408 
145, 147, 161, 

177, 209 

NR-1, NR-2, NR-4, NE-1, NE-2, 

NE-3, NE-4, NW-1, NW-2, NW-3 

28 Curcumin 19.03 C21H21O6 369.1358 
117, 145, 161, 

177, 219, 225 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

29 
5-(4-hydroxy-3-methoxyphenyl)-1-

(4-hydroxyphenyl)pent-1-en-3-one 
19.07 C18H19O4 299.1281 137 NR-1, NR-3, NE-4, NW-2, NW-3 

30 

2-(3,4-dihydroxy-5-

methoxybenzylidene)-5-(-3,4-

dimethoxystyryl)furan-3(2H)-one 

22.15 C22H21O7 397.1262 191, 153 
NR-1, NR-2, NR-4, NE-1, NE-2, 

NE-3, NE-4, NW-3 

31 

2-(4-hydroxy-3-

methoxybenzylidene)-5-(-4-

hydroxystyryl)furan-3(2H)-one 

22.88 C20H17O5 337.1054 137, 147 

NR-1, NR-2, NR-3, NR-4, NE-1, 

NE-2, NE-3, NE-4, NW-1, NW-2, 

NW-3, WR-1 

32 
2-(4-hydroxybenzylidene)-5-(-4-

hydroxystyryl)furan-3(2H)-one 
26.16 C19H15O4 307.0948 107, 147 

NR-1, NR-2, NR-4, NE-1, NE-2, 

NE-3, NE-4, NW-1, NW-2, NW-3, 

WR-1 

33 
4,4'-(3,5-dihydroxyheptane-1,7-

diyl)bis(benzene-1,2-diol) 
28.14 C19H25O6 349.164 149, 163, 177 NE-1, NE-2, NE-4, NW-2, NW-3 

1 Regions: Northern (NR), Northeastern (NE), Northwestern (NW), Western (WR). 234 

 235 

 236 

 237 

 238 
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The identified curcuminoids have a common main structure consisting of two phe- 239 

nolic rings connected by a central chain holding different functional groups as indicated 240 

in the following subsections. 241 

Curcuminoids with keto groups in C3 and C5 242 

The compounds in this group hold two keto moieties in C3 and C5, varying in the 243 

presence of double bonds in the central chain. The three best known curcuminoids [25] 244 

are including in this group. In fact, peaks 22 (Rt = 17.90 min), 25 (Rt = 18.46 min) and 28 245 

(Rt = 19.03 min), were tentatively assigned to bisdemethoxycurcumin (BDM), demethox- 246 

ycurcumin (DMC) and curcumin (CUR) based on the pseudomolecular ions [M+H]+ at 247 

m/z 309.1137 (C19H17O4), 339.1262 (C20H19O5) and 369.1358 (C21H21O6), respectively. The 248 

characteristic fragmentation pathway includes fragments at m/z 177, for curcumin and 249 

demethoxycurcumin, as well as at m/z 147 for bisdemethoxycurcumin and demethoxy- 250 

curcumin, as shown in Figure 2. 251 

 252 

 253 

Compound No. R1 R2 

22 H H 

25 H OMe 

28 OMe OMe 

Figure 2. Structure and main fragments for compounds 22, 25 and 28. 254 

A characteristic product ion is constituted by the neutral loss of carbon monoxide (28 255 

uma) from the fragment at m/z 147 which gives rise to the fragment observed at m/z 119. 256 

On the other hand, the fragment at m/z 177 suffers a neutral loss of CH3OH (32 uma) to 257 

produce the fragment at m/z 145, which is observed for hydroxyl and methoxy groups in 258 

ortho position in the benzene ring, as found in curcumin and demethoxycurcumin [26] 259 

[27]. 260 

Peak 4 (Rt = 11.60 min) with [M+H]+ at m/z 313.1422 (C19H21O4), which was tentatively 261 

assigned to tetrahydrobisdemethoxycurcumin, also holds a diketone moiety, but lacks 262 

double bonds in the central chain. This compound shows two common fragmentation 263 

pathways from the initial structure with a positive charge in C3, yielding product ion at 264 

m/z 149 [M+H-164]+ and another fragment at m/z 107 [M+H-206]+ (Figure 3), due to keto 265 

enol tautomerization, which is characteristic of positive ionization [26].  266 
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 267 

 268 

 269 

 270 

 271 

 272 

Figure 3. Fragmentation pathway of compound 4. 273 

Peaks 14 (Rt = 15.52 min) and 18 (Rt = 16.46 min) were tentatively assigned to 1-(4- 274 

hydroxyphenyl)-7-phenylhept-1-ene-3,5-dione at [M+H]+ at m/z 295.1313 (C19H19O3) and 275 

7-(3,4-dimethoxyphenyl)-1-(4-hydroxyphenyl)hept-1-ene-3,5-dione at [M+H]+ at m/z 276 

355.1512 (C21H23O5), respectively. Meanwhile, peak 24 (Rt = 18.43 min) at m/z 341.1379 277 

(C20H21O5) was tentatively assigned to dihydrodemethoxycurcumin. All of these peaks 278 

hold a positive charge on C5, present a double bond between C1-C2 and show a product 279 

ion at m/z 147, which then undergoes a loss of carbon monoxide (28 uma) to produce the 280 

fragment observed at m/z 119, as shown in Figure 4 [27] [28]. 281 

 282 

Compound No. R1 R2 

14 H H 

18 OMe OMe 

24 OMe OH 

Figure 4. Fragmentation pathway of compounds 14, 18 and 24. 283 

Finally, in this group of compounds, peaks 17 (Rt = 16.21 min) and 27 (Rt = 18.61 min) 284 

with [M+H]+ at m/z 385.1276 (C21H21O7) and m/z 399.1408 (C22H23O7) were tentatively as- 285 

signed to curcumalongin C and 1-(4-hydroxy-3,5-dimethoxyphenyl)-7-(4-hydroxy-3- 286 

methoxyphenyl)-1,6-heptadiene-3,5-dione, respectively. Both peaks hold a positive 287 

charge in C3 and double bonds between C1-C2 and C6-C7. The fragmentation pathway 288 

for both molecules (Figure 5) yields a product ion at m/z 195 for peak 17 and m/z 209 for 289 
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peak 27. On the other hand, the loss of these fragments followed by the loss of H2O yields 290 

for both compounds, a product ion at m/z 177, which in turn produces a fragment at m/z 291 

145 corresponding to additional loss of MeOH [28] [29]. 292 

 293 

Compound No. R1 

17 OH 

27 OMe 

Figure 5. Fragmentation pathway of compounds 17 and 27. 294 

 295 

Curcuminoids with a single keto moiety in C3 296 

A second group of curcuminoids includes compounds with only one keto group in 297 

the central chain on C3. For instance, peak 13 (Rt = 15.13 min) with [M+H]+ at m/z 293.1167 298 

(C19H17O3) and peak 15 (Rt = 15.67 min) with [M+H]+ at m/z 323.1253 (C20H19O4), are in- 299 

cluded in this group of compounds and were tentatively assigned to 1,7-bis(4-hydroxy- 300 

phenyl)-1,4,6-heptatrien-3-one and 1-(4-hydroxy-3-methoxyphenyl)-7-(4-hydroxy- 301 

phenyl)hepta-1,4,6-trien-3-one, respectively. In addition, peak 16 (Rt = 16.18 min) with 302 

[M+H]+ at m/z 353.1374 (C21H21O5), also belongs to this group and was assigned to 1,7- 303 

bis(4-hydroxy-3-methoxyphenyl)-1,4,6-heptatrien-3-one. These three compounds show a 304 

common fragmentation pathway involving rearrangement of the precursor ions with a 305 

hydrogen atom transfer and neutral loss of an aryl moiety to yield fragments at m/z 131 306 

and m/z 161, as shown in Figure 6. A similar rearrangement occurs for peaks 13 and 16 307 

with a neutral loss of a different aryl moiety including a heterocyclic five-member ring, 308 

which yields product ions at m/z 107 and m/z 137, respectively. Finally, peak 13 undergoes 309 

a specific rearrangement with the neutral loss of a four-member ring moiety to yield a 310 

fragment at m/z at 225, as shown in Figure 6 [26]. 311 
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 312 

Compound No. R1 R2 

13 H H 

15 OMe H 

16 OMe OMe 

Figure 6. Fragmentation pathway for compounds 13, 15, 16. 313 

Further, peak 2 (Rt = 8.41 min) with [M+H]+  at m/z 329.1383 (C19H21O5), tentatively 314 

assigned to 1,5-bis(4-hydroxy-3-methoxyphenyl)pent-1-en-3-one and peak 26 (Rt = 18.51 315 

min) with [M+H]+  at m/z 269.1168 (C17H17O3), tentatively identified as artamenone, be- 316 

long to this group. In addition, also peak 29 (Rt = 19.07 min) with [M+H]+ at m/z 299.1281 317 

(C18H19O4), which was tentatively assigned to 5-(4-hydroxy-3-methoxyphenyl)-1-(4-hy- 318 

droxyphenyl)pent-1-en-3-one. These compounds present similar skeletons, but with only 319 

five carbons in the aliphatic chain and a double bond in C1-C2. Their common fragmen- 320 

tation pathway includes rearrangement of the precursor ion with a hydrogen atom trans- 321 

fer and neutral loss of an Ar-C4H5O moiety, as shown in Figure 7 [26]. 322 

 323 

Compound No. R1 R2 

2 OMe OMe 

26 H H 

29 H OMe 

Figure 7. Fragmentation pathway for peaks 2, 26 and 29. 324 

Peaks 11 (Rt = 13.52 min) and 12 (Rt = 13.97 min) also pertain to this group of curcu- 325 

minoids, with [M+H]+ at m/z 297.1105 (C18H17O4) and m/z 327.1216 (C19H19O5), tentatively 326 
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identified as 1-(4-hydroxy-3-methoxyphenyl)-5-(4-hydroxyphenyl)penta-1,4-dien-3-one 327 

and 1,5-bis(4-hydroxy-3-methoxyphenyl)-1,4-pentadien-3-one, respectively. In fact, these 328 

two compounds have also five carbons in their aliphatic chain and a single keto group in 329 

C3 but with two double bonds between C1-C2 and C4-C5. They follow two different path- 330 

ways of fragmentation, as shown in Figure 8. Pathway I is attributed to a reorientation of 331 

the molecule that produces the fragments at m/z 107 and m/z 137 for peaks 11 and 12 332 

respectively, while peak 11 suffers the loss of a neutral aryl moiety to yield the fragment 333 

at m/z 173 (Figure 8). The other fragmentation pathway (II) is due to a hydrogen transfer, 334 

which in turn produces the ion products at m/z 147 and m/z 177 corresponding to peaks 335 

11 and 12 respectively [27] [29]. 336 

 337 

Compound No. R1 R2 

11 H OMe 

12 OMe OMe 

Figure 8. Fragmentation pathway for peaks 11 and 12. 338 

Curcuminoids with a keto moiety in C3 and hydroxyl in C5 339 

A third group of compounds includes compounds with a ketone in C3 and hydroxyl 340 

group in C5, and contain peak 1 (Rt = 7.39 min) with [M+H]+ at m/z 313.1422 (C19H21O4) 341 

tentatively assigned to 5-hydroxy-1,7-bis(4-hydroxyphenyl)hept-1-en-3-one, peak 10 (Rt = 342 

12.39 min) with [M+H]+ at m/z 373.1652 (C21H25O6), tentatively identified as 5-hydroxy- 343 

1,7-bis(4-hydroxy-3-methoxyphenyl)hept-1-en-3-one, and peak 21 (Rt = 17.75 min) with 344 

[M+H]+ at m/z 387.1802 (C22H27O6), which was tentatively identified as 7-(3,4-dimethoxy- 345 

phenyl)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)hept-1-en-3-one. In addition, also 346 

peak 23 (Rt = 18.18 min) with [M+H]+ at m/z 345.1336 (C19H21O6) that was tentatively as- 347 

signed to 1,7-bis(3,4-dihydroxyphenyl)-5-hydroxyhept-1-en-3-one. These three com- 348 

pounds present a common pathway due the loss of the aryl group as shown in Figure 9, 349 

to yield main fragments at m/z 147.04 for peak 1 and m/z 177.05 for peaks 10 and 21 [27]. 350 

While peak 23 suffers a subsequent dehydrogenation yielding a fragment at m/z 161 [26]. 351 
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 352 

Compound No. R1 R2 R3 

1 H H OH 

10 OMe OMe OH 

21 OMe OMe OMe 

23 OH OH OH 

Figure 9. Fragmentation pathway of compounds 1, 10 and 23. 353 

Curcuminoids with two hydroxyl groups in C3 and C5 354 

The fourth group of compounds includes peak 20 (Rt = 17.25 min) with [M+H]+ at 355 

m/z 317.1733 (C19H25O4), tentatively assigned to octahydrobisdemethoxycurcumin and 356 

peak 33 (Rt = 28.14 min) with [M+H]+ at m/z 349.1640 (C19H25O6), tentatively assigned to 357 

4,4'-(3,5-dihydroxyheptane-1,7-diyl)bis(benzene-1,2-diol), both with hydroxyl groups in 358 

C3 and C5 of the central chain. These two compounds yield fragments at m/z 107, 147, 359 

and 163 due to the fragmentation pathways including loss of neutral aromatic and olefin 360 

moieties as well as loss of water, as shown in Figure 10 [27]. 361 
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 363 

Compound No. R1 R2 

20 H H 

33 OH OH 

Figure 10. Fragmentation pathway for compounds 20, 33. 364 

Curcuminoids with an ester group in C3 and keto moiety in C5 365 

A different group of curcuminoids that holds an ester in C3 and a keto group in C5, 366 

includes for instance peak 3 (Rt = 11.47 min), which was tentatively assigned to 4-(4-hy- 367 

droxyphenyl)-2-oxobut-3-en-1-yl 3-(4-hydroxyphenyl)acrylate with [M+H]+ at m/z 368 

325.1075 (C19H17O5). This group of compounds also includes peak 5 (Rt = 11.71 min), which 369 

was assigned to previously reported Calebin A [30] with m/z 385.1276 (C21H21O7). These 370 

compounds follow two different fragmentation patterns, as shown in Figure 11. Pathway 371 

I comprise a hydrogen rearrangement in the ester group followed by the neutral loss of 372 

an aryl group yielding ion products at m/z 147 for peak 3 and at m/z 177 for peak 5. The 373 

other fragmentation pathway (II) follows a similar pattern but with a hydrogen rearrange- 374 

ment in the keto group followed by the neutral loss of an aryl group yielding also frag- 375 

ments at at m/z 147 for peak 3 and at m/z 177 for peak 5 [26]. 376 

 377 
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Compound No. R1 R2 

3 H H 

5 OMe OMe 

Figure 11. Fragmentation pathway for compounds 3 and 5. 378 

 379 

Curcuminoids with a ring in the central chain 380 

The last group of curcuminoids presents a five-member ring in its structure, formed 381 

by a bond between C2 and the oxygen in C5. For instance, peaks 7 (Rt = 11.83 min) and 9 382 

(Rt = 12.19 min), were tentatively assigned respectively to curcumalongin A and 2-(3,4- 383 

dihydroxybenzylidene)-5-(4-hydroxy-3-methoxystyryl)furan-3(2H)-one with [M+H]+  at 384 

m/z 353.1024 (C20H17O6) while peak 8 (Rt = 12.11 min) with [M+H]+  at m/z 383.1140 385 

(C21H19O7), was tentatively identified as curcumalongin B. Figure 12 shows characteristic 386 

fragmentation pathways for these compounds. Pathway I entail rearrangement of the pre- 387 

cursor ions followed by cleavage of the furan ring to yield product ions at m/z 147 for 388 

peak 7 and at m/z 177 for peaks 8 and 9. In turn, pathway II involves a rearrangement of 389 

precursor ions via a γ-hydrogen shift and loss of an aryl epoxide moiety to deliver product 390 

ions at m/z 123 for peak 8 and at m/z 153 for peaks 7 and 9 [26]. 391 

Three other curcuminoids that belong to this group include peak 6 (Rt = 11.74 min) 392 

with [M+H]+ at m/z 323.0914 (C19H15O5), peak 31 (Rt = 22.88 min) with [M+H]+ at m/z 393 

337.1054 (C20H17O5) and peak 32 (Rt = 26.16 min) with [M+H]+ at m/z 307.0948 (C19H15O4). 394 

These peaks were tentatively identified as 2-(3,4-dihydroxybenzylidene)-5-(-4-hy- 395 

droxystyryl)furan-3(2H)-one, 2-(4-hydroxy-3-methoxybenzylidene)-5-(-4-hydroxystyryl) 396 

furan-3(2H)-one and 2-(4-hydroxybenzylidene)-5-(-4-hydroxystyryl)furan-3(2H)-one, re- 397 

spectively. As shown in Figure 12, Pathway I for these peaks yield the same product ion 398 

at m/z 147 while pathway II corresponding to the γ-hydrogen shift rearrangement and 399 

loss of the aryl epoxide moiety yields three different product ions at m/z 123, 137 and 107 400 

for peaks 6, 31 and 32, respectively [26]. 401 
 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

Figure 12. Fragmentation pathway for compounds 6, 7, 8, 9, 19, 30, 31 and 32. 423 
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Compound No. R1 R2 R3 R4 

6 OH H OH H 

7 OH OMe OH H 

8 OH H OH OMe 

9 OH OMe OH OMe 

19 OMe H OH OMe 

30 OMe OH OMe OMe 

31 OMe H OH H 

32 H H OH H 

 424 

Finally, this last group of compounds also includes peak 19 (Rt = 16.56 min) with 425 

[M+H]+ at m/z 367.1176 (C21H19O6), which was tentatively identified as 2-(4-hydroxy-3- 426 

methoxybenzylidene)-5-(-4-hydroxy-3-methoxystyryl)furan-3(2H)-one and peak 30 (Rt = 427 

22.15 min) with [M+H]+ at m/z 397.1262 (C22H17O6) that was tentatively assigned to 2-(3,4- 428 

dihydroxy-5-methoxybenzylidene)-5-(-3,4-dimethoxystyryl)furan-3(2H)-one. Rearrange- 429 

ment of these two precursor ions followed by cleavage of the furan ring along pathway I 430 

yield fragments at m/z 177 for peak 19 and at m/z 191 for peak 30. Meanwhile, the rear- 431 

rangement via a γ-hydrogen shift and the subsequent loss of an aryl epoxide moiety pro- 432 

duces a fragment at m/z 137 for peak 19 and at m/z 153 for peak 30 [26]. 433 

Comparing with the literature, the findings in these twelve turmeric samples from 434 

Costa Rica are in agreement with previous reports on structures diversity accounting for 435 

the different compounds found in this study, including structures with an open aliphatic 436 

chain or those possessing a cyclic moiety [26-29].  437 

3.2. Total Curcuminoid Contents in C. longa extracts 438 

UPLC-DAD analysis allowed the quantification of CUR, DMC and BDM as well as 439 

the determination of total curcuminoid (TC) contents, with results summarized in Table 440 

3.  441 

Table 3. Total Curcuminoid (TC) content in C. longa rhizomes. 442 

Product CUR (mg/g) 1,2,3 DMC (mg/g) BDM (mg/g) 1,2,3 TC (mg/g) 1,2,3 

NR-1 42.1 a,b ± 0.3 25.9 a,b ± 1.0 21.5 a,b,c ± 3.0 90.8 a,b ± 3.3 

NR-2 38.6 b,c ± 1.0 29.3 a,c ± 2.1 15.0 d,e ± 1.0 82.7 b,c ± 2.6 

NR-3 31.8 d ± 2.6 19.0 d ± 1.3 17.9 c,d ± 1.8 68.7 d ± 5.8 

NR-4 25.6 e ± 0.4 13.2 e ± 0.1 11.1 e ± 0.1 49.9 e ± 0.5 

NE-1 50.0 f ± 0.2 46.6 f ± 1.7 28.4 f ± 2.0 125.0 f ± 3.7 

NE-2 42.6 a,b ± 0.8 34.2 c ± 1.2 19.4 b,c,d ± 0.5 96.1 a ± 2.4 

NE-3 54.8 f ± 1.2 40.8 g ± 0.6 22.1 a,b,c ± 0.4 117.8 g ± 2.2 

NE-4 43.7 a ± 1.7 25.1 a,b ± 2.4 21.5 a,b ± 1.2 90.3 a ± 2.0 

NW-1 35.3 c,d ± 0.6 21.9 b,d ± 0.1 14.3 d,e ± 0.4 71.6 c,d ± 1.1 

NW-2 51.2 f ± 1.8 33.4 c ± 3.8 24.6 a,f ± 2.0 109.1 g ± 6.0 

NW-3 62.7 g ± 0.4 30.5 a,c ± 0.3 25.6 a,f ± 0.3 118.7 g ± 1.0 

WR-1 32.3 d ± 2.0 20.0 d ± 1.0 16.3 d ± 0.6 68.6 d ± 3.2 
1 mg of curcuminoid/g dry material. 2 Values are expressed as mean ± standard deviation (S.D.). 3 443 
Different superscript letters in the same column indicate differences are significant at p < 0.05 us- 444 
ing one-way analysis of variance (ANOVA) with a Tukey post hoc as statistical test. 445 

Figure 13 illustrates UPLC-DAD chromatograms for samples from the four different 446 

regions, showing the three quantifiable curcuminoids, CUR, DMC and BDM. Results for 447 

TC contents show values ranging from 49.9 mg/g dry material to 125.0 mg/g dry material, 448 

representing 4.9-12.5% content, thus higher than the 3% established by USP [21]. Samples 449 

from the Northeastern region (NE) show again the highest values with an average TC 450 
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content of 107.3 mg curcuminoids/g dry material while the lowest values corresponded to 451 

turmeric samples from the Northern region (NR), which present an average of 73.3 mg 452 

curcuminoids/g dry material, thus 32% lower. At individual level, NR-4 exhibits the low- 453 

est value (49.9 mg/g dry material) among all 12 samples while NE-1 displays the highest 454 

value (125.0 mg/g dry sample), followed by NW-3 (118.7 mg/g dry material).  455 

 456 

 457 
Figure 13. UPLC-DAD chromatograms for samples: (a) NE-1, (b) NR-1, (c) NW-1 and (d) 458 

WR-1, showing the three quantified curcuminoids CUR, DMC and BDM. 459 

 460 

Reports from the literature show variability on total curcuminoid contents (TC). For 461 

instance, studies on turmeric rhizomes from China [31] and Thailand [32] report values 462 

ranging between 5.9-28.3 mg/g dry material, thus lower than TC results for samples in the 463 

present study. In turn, results for rhizomes from India [33] report TC values between 1.4- 464 

51.2 mg/g dry material, thus only sample NR-4 shows a value within this range while the 465 

other eleven Costa Rican samples exhibit higher content. In addition, at extract level, find- 466 

ings for the twelve samples range between 379.3-833.3 mg TC/g extract, which are within 467 

the range than those reported by other studies amounting to 435 -751.1 mg TC/g extract 468 

for samples from India and Malaysia [34] [35]. Noteworthy, samples NE-1 and NW-3 con- 469 

stitute especially enriched extracts with TC content of 814.1 and 833.3 mg/g extract, re- 470 

spectively. 471 

Results for the three individual curcuminoids indicate CUR exhibits the highest con- 472 

tent in all twelve samples and BDM is the curcuminoid with the lowest content. For in- 473 

stance, CUR average value for all samples is 42.5 mg/ g dry material compared to an av- 474 

erage of 28.3 mg/ g dry material for DMC and 19.7 mg/ g material for BDM, thus account- 475 

ing for CUR showing 1.5- and 2.1-fold greater content respectively. The distribution of 476 

CUR, DMC and BDM contents in samples exhibits variability, as shown in Figure 14, with 477 

NW-3 showing the highest percentage of CUR (52.8%) while NE-1 shows the highest per- 478 

centage of DMC (37.0%) and NR-3 holds the highest percentage for BDM (26.0%). Second- 479 

ary metabolites DMC and BDM show the highest percentage in NE-1 where they hold 480 

59.4% of the TC content, while they show their lowest percentage in NW-3, where they 481 

represent 47.2% of the TC content. 482 
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Figure 14. Percentage contents of CUR, DMC and BDM curcuminoids by UPLC-DAD for C. longa 484 
extracts. 485 

Comparing with the literature, these results are in agreement with CUR being the 486 

most abundant curcuminoid and with the curcuminoids distribution variability among 487 

samples [31] [36]. For instance, the present results show the proportion of curcuminoids 488 

in the twelve turmeric rhizomes to be 40.6-52.9% for CUR, 25.5-35.3% for DMC and 18.1- 489 

26.0% for BDM while other studies in fourteen rhizomes from China, India and Malaysia 490 

indicate CUR accounts for 52.4-68.0%, DMC for 16.6-32.6% and BDM for 14.0-17.7% [31] 491 

[34] [35]. Finally, total content for secondary metabolites DMC and BDM for these rhi- 492 

zomes range between 32.0-46.8% while turmeric from Costa Rica present higher values of 493 

47.2-59.4% for all twelve samples. 494 

3.2. Folin-Ciocalteu determination in C. longa Extracts 495 

Recent studies [37] [38] in polyphenols with different structures have demonstrated 496 

that Folin-Ciocalteu determination, widely used to assess total polyphenolic contents, is 497 

an adequate method to evaluate the polyphenolic reducing capacity, which is exerted 498 

through a single electron transfer mechanism [39] [40]. Table 4 summarizes the results of 499 

applying the Folin–Ciocalteau method on PLE extracts from C. longa rhizomes (n = 12), as 500 

described in Section 2.3. 501 

Table 4. Folin-Ciocalteu (FC) reducing capacity results for extracts of C. longa rhizomes. 502 

Product FC (mg GAE/g) 1,2,3 Product FC (mg GAE/g) 1,2,3 

NR-1 250.0 a ± 6.5 NE-3 281.9 c ± 1.5 

NR-2 224.5 b ± 5.4 NE-4 287.8 c ± 4.8 

NR-3 228.0 b ± 5.6 NW-1 219.8 b ± 2.3 

NR-4 214.8 b ± 4.7 NW-2 260.2 a,d ± 3.8 

NE-1 278.8 c ± 2.0 NW-3 301.0 e ± 3.3 

NE-2 267.1 d ± 2.6 WR-1 229.2 b ± 0.3 
1 mg of gallic acid equivalent (GAE)/g extract. 2 Values are expressed as mean ± standard deviation 503 
(S.D.). 3 Different superscript letters indicate differences are significant at p < 0.05 using one-way 504 
analysis of variance (ANOVA) with a Tukey post hoc as statistical test. 505 
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Results for total FC show values ranging from 214.8 mg of gallic acid equivalents 506 

(GAE)/g extract and 301.0 mg GAE/g extract. One-way ANOVA followed by Tukey post 507 

hoc test showed significant difference (p < 0.05) between samples from Northern and 508 

Northeastern regions. Samples from Northeastern region (NE) yield the highest results 509 

with an average FC value of 260.3 mg GAE/g extract in comparison to results for samples 510 

from the Northern region (NR), which exhibit an average of 229.3 mg GAE/g extract, thus 511 

12% lower. At individual level, NR-4 displays the lowest value (214.8 mg GAE/g extract) 512 

among all 12 samples followed by NW-1 (219.8 mg GAE/g extract) while NW-3 shows the 513 

highest value (301.0 mg GAE/g). This indicates high diversity between the samples from 514 

the Northwestern (NW) region while the samples from the Northeastern (NE) and North- 515 

ern (NR) region display more homogeneous results.  516 

Previous studies from the literature have shown variability in the FC results for tur- 517 

meric rhizomes. For instance, studies on samples from Malaysia [35] and Thailand [32] 518 

report values ranging from 221.7-317.6 mg GAE/g extract, thus similar to the results ob- 519 

tained in the present work, while other studies for samples from Korea [41] and India [33] 520 

report FC values between 2.6-10 mg GAE/g dry material, therefore lower than Costa Rican 521 

turmeric samples holding values ranging from 33.3-45.2 mg GAE/g dry material. 522 

The UPLC analysis results for Total Curcuminoids (TC) are in agreement with Folin- 523 

Ciocalteu (FC) determinations, for instance sample NR-4 with the poorest content (49.9 524 

mg/g dry material) also presented the lowest FC value and samples NW-3 and NE-1 with 525 

the highest content of 118.7 and 125.0 mg/g dry material respectively also displayed high 526 

FC results aligning with TC findings. Further, a correlation analysis was performed be- 527 

tween Folin-Ciocalteu (FC) results and UPLC-DAD total curcuminoid content (TC) in all 528 

samples (n = 12) as shown in Figure 15a as well as between FC and the UPLC-DAD deter- 529 

mination for individual curcuminoids (CUR, DMC, BDM) contents.  530 

 531 

  532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

  541 

Figure 15. Correlation of Folin-Ciocalteu (FC) reducing capacity results and: (a) UPLC-DAD Total 542 
Curcuminoids (TC) (b) UPLC-DAD Curcumin (CUR) contents.                           . 543 

Findings showed positive correlation between FC and TC (r = 0.833, p < 0.05) and 544 

regarding the individual curcuminoids, results indicated high positive correlation be- 545 

tween FC and CUR (r = 0.867, p < 0.05), as shown in Figure 15b. This result is in agreement 546 

with previous studies for FC reporting that replacing a hydrogen for a methoxy group, an 547 

electron donor, promotes electron transfer, therefore increasing the reducing capacity of 548 

a molecule [37] [42] [43], which is the case of CUR structure holding two methoxy groups 549 

compared to DMC with only one methoxy group and BDM that doesn’t have any methoxy 550 

groups (Figure 2). 551 

3.5. DPPH Antioxidant Activity 552 
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The capacity of scavenging free radicals can be conveniently assessed through the 553 

reaction with a stable free radical such as 2,2-diphenyl-1-picrylhidrazyl (DPPH) [44]. Ki- 554 

netic studies for this assay have shown the rate-determining step involves a fast electron 555 

transfer from phenoxide anions to DPPH, thus this reaction in protic organic solvents fol- 556 

lows an electron transfer mechanism [45]. In order to perform the evaluation of DPPH 557 

assay in C. Longa rhizomes (n = 12), the method was applied as described in the Materials 558 

and Methods section 2.5, and results are presented in Table 5. 559 

Table 5. DPPH antioxidant activity of extracts from C. longa rhizomes. 560 

Product IC50 (µg/mL) 1,2 Product IC50 (µg/mL) 1,2 

NR-1 21.22 a ± 0.19 NE-3 19.04 f,g ± 0.65 

NR-2 23.32 b ± 0.25 NE-4 18.51 h ± 0.09 

NR-3 28.01 c ± 0.52 NW-1 25.07 f ± 0.72 

NR-4 29.12 d ± 0.88 NW-2 19.41 b ± 0.16 

NE-1 16.07 e ± 0.10 NW-3 15.21 g ± 0.01 

NE-2 19.27 f,g ± 0.05 WR-1 22.92 e ± 0.03 
1 Values are expressed as mean ± standard deviation (S.D.). 2 Different superscript letters indicate 561 
differences are significant at p < 0.05 using one-way analysis of variance (ANOVA) with a Tukey 562 
post hoc as statistical test. 563 

The findings for the DPPH antioxidant activity assessment indicate the same trend 564 

observed for the Folin-Ciocalteu reducing capacity determination (FC) and UPLC total 565 

curcuminoids (TC) contents with samples NW-3 and NE-1 showing the lowest values, 566 

16.07 and 15.21 respectively, therefore exhibiting higher antioxidant activity. One-way 567 

ANOVA followed by a Tukey post-hoc test showed significant difference (p < 0.05) for 568 

samples from the Northern (NR) and Northeastern (NE) regions. In fact, samples NR-1 to 569 

NR-4 presented the highest values with an average IC50 of 25.42 μg/mL, thus representing 570 

lower antioxidant activity. In contrast, samples NE-1 to NE-4 showed the lowest average 571 

IC50 of 18.22 μg/mL, corresponding to higher antioxidant activity. These observations are 572 

consistent with the results obtained for FC and TC.  573 

Comparing with the literature, results reported for samples from India [33] and Thai- 574 

land [32] range between 78.17-294.8 µg dry material/mL in a similar range than samples 575 

in the present study ranging between 101.4-194.1 µg dry material/mL. Rhizomes from 576 

other curcuma species have shown variability for DPPH antioxidant activity evaluation, 577 

for instance Curcuma amada rhizomes extracts presented an IC50 of 22.01 µg/mL [46], sim- 578 

ilar to the present results while Curcuma caesia rhizomes exhibited an IC50 of 94 µg/mL 579 

[47], thus showing lower antioxidant activity than Costa Rican samples.  580 

At individual level, sample NW-3 presented the highest antioxidant activity (IC50 581 

15.21 μg/mL), followed by NE-1 (IC50 16.07 μg/mL) and NE-4 (IC50 18.51 μg/mL). These 582 

results suggest that not only the TC content is important for the antioxidant activity, but 583 

it might also be influenced by the percentage of CUR present. For instance, NW-3 has the 584 

highest percentage of CUR (52.8%) compared to NE-1 (40.6%) and NE-4 (47.5%). This 585 

would be consistent with results previously reported for antioxidant activity of the main 586 

curcuminoids that indicated CUR as the major contributor to antioxidant potential [48]. 587 

Correlation analysis between DPPH antioxidant activity and Folin-Ciocalteu reduc- 588 

ing capacity results (FC) as well as with UPLC-DAD total curcuminoids (TC) content were 589 

performed, as shown in Figure 16. 590 
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 591 

Figure 16. Correlation of antioxidant activity assessed by the DPPH method and: (a) Folin Ciocalteu 592 
(FC) results; (b) Total Curcuminoids (TC) content measured by UPLC-DAD and (c) Curcumin 593 
(CUR) content measured by UPLC-DAD. 594 

Results show significant negative correlation (p < 0.05) for DPPH values and Folin– 595 

Ciocalteau (FC) results (r = -0.890). In addition, DPPH results and TC content from UPLC- 596 

DAD quantification show also significant high negative correlation (r =-0.911, p < 0.05). 597 

These results agree with previous reports showing correlation for DPPH and FC results 598 

[49] [50]. 599 

Further, correlation between DPPH values and individual curcuminoids determined 600 

by UPLC-DAD was also evaluated. A significant negative correlation was displayed for 601 

DPPH results and CUR contents (r = -0.898, p < 0.05), as shown in Figure 16. This result 602 

aligns with the fact that methoxy groups facilitate electron transfer, as mentioned earlier 603 

[37] [42] [43], thus the reducing capacity is increased by the presence of the two methoxy 604 

groups in CUR compared to one in DMC and none in BDM. 605 

3.6. Nitric Oxide Radical Scavenging Activity 606 

Nitric Oxide (NO) has an important role as a bioregulatory molecule required for 607 

physiological processes such as immune response, blood pressure, vasodilatation and 608 

neural signal transmission. However, the outcomes an excess of NO can result in an in- 609 

flammatory context associated with different pathologies including for instance, cancer, 610 

diabetes, and cardiovascular diseases. [51] [52][53]. Hence the importance to evaluate the 611 

potential to counteract NO formation through radical scavenging, in order to prevent the 612 

negative effects on the immune system and health caused by NO excess. The evaluation 613 

of the antioxidant activity of C. longa rhizomes (n = 12) through the NO assay was per- 614 

formed as described in the Materials and Methods section 2.6, and results are presented 615 

in Table 6. 616 



Antioxidants 2022, 11, x FOR PEER REVIEW 23 of 29 
 

 

Table 6. NO scavenging activity of extracts from C. longa rhizomes. 617 

Product IC50 (µg/mL) 1,2 Product IC50 (µg/mL) 1,2 

NR-1 73.9 a ± 1.4 NE-3 69.0 a,b ± 4.6 

NR-2 78.4 a ± 5.9 NE-4 65.5 a,b ± 1.0 

NR-3 81.9 a ± 4.1 NW-1 79.2 a ± 5.2 

NR-4 78.5 a ± 2.3 NW-2 67.9 a,b ± 4.0 

NE-1 54.3 b ± 0.4 NW-3 52.5 b ± 4.1 

NE-2 68.1 a,b ± 3.3 WR-1 69.7 a,b ± 1.4 
1 Values are expressed as mean ± standard deviation (S.D.). 2 Different superscript letters indicate 618 
IC50 differences are significant at p < 0.05 using one-way analysis of variance (ANOVA) with a 619 
Tukey post hoc as statistical test. 620 

NO scavenging activity results, expressed as IC50, range from 52.5 μg/mL to 81.9 621 

μg/mL. As illustrated also in Figure 17, the lowest IC50, therefore the highest scavenging 622 

activity corresponds to sample NW-3 (IC50 52.5 μg/mL), followed by NE-1 (IC50 54.3 623 

μg/mL) and NE-4 (IC50 65.5 μg/mL) in agreement with results for DPPH assay with best 624 

antioxidant values for these three samples. On the other hand, the lowest scavenging ac- 625 

tivity corresponds to samples NR-3 (IC50 81.9 μg/mL), followed by NW-1 (IC50 79.2 μg/mL) 626 

and NR-4 (IC50 78.5 μg/mL), which were also the three samples with lower antioxidant 627 

activity in the DPPH assay.  628 

 629 

Figure 17. NO scavenging activity of selected samples (n =6) of extracts from C. longa rhizomes. 630 

Comparing with previous results on the effect of curcuminoid extracts from C. longa 631 

rhizomes on NO scavenging activity, samples NE-1 and NW-3 are within the range of a 632 

reported IC50 value of 39 μg/mL for turmeric from Slovakia [54]. On the other hand, NO 633 

scavenging activity obtained for curcuminoids extracts from rhizomes of other Curcuma 634 

species indicated variability in results with IC50 ranging from 7.18 μg/mL for Curcuma 635 

amada [46] and 155 μg/mL for Curcuma caesia [47], therefore all twelve turmeric samples 636 

analyzed in the present study present scavenging activity values between these two cur- 637 

cuma species. 638 

In turn, turmeric samples from the present study showed higher NO scavenging re- 639 

sults than other roots and stems of plants with medicinal properties, for instance extracts 640 

from Rubia cordifolia yielded IC50 values ranging from 94.53 and 153.7 μg/mL [55] [56], 641 

while extracts from Lantana camara and from Ventilago madraspatana, traditionally used in 642 

inflammatory diseases, showed IC50 of 145.3 μg/mL and 168.3 μg/mL respectively [56]. 643 
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Further, IC50 values of present turmeric samples showed to be within the range of rhizome 644 

extracts of Cnidium officinale (IC50: 57.25 μg/mL) and Ligusticum chuanxiong (IC50: 76.50 645 

μg/mL) [57]. Finally, in comparison to fruit extracts, turmeric samples in this study exhibit 646 

higher scavenging activity in respect to Averrhoa bilimbi (IC50: 85.01 μg/mL) [58] and Limo- 647 

nia acidissima (IC50: 70-125 μg/mL) [59] fruit extracts, while showing lower NO scavenging 648 

activity compared to blackberry phenolic extracts that yielded an IC50 of 24.5 μg/mL [60]. 649 

A Pearson correlation study was performed to evaluate the relationship between NO 650 

scavenging activity results and the values obtained for DPPH antioxidant determination. 651 

As shown in Figure 18a, findings indicated positive correlation between NO results and 652 

DPPH antioxidant values (r = 0.805, p < 0.05), which aligns with previous results account- 653 

ing for similarities among DPPH and NO assays since their mechanisms involve direct 654 

methods and both use nitrogen radicals [60] [61]. 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

 669 

Figure 18. Correlation of antioxidant activity assessed through the Nitric Oxide (NO) radical scav- 670 
enging and: (a) DPPH antioxidant activity (b) Folin-Ciocalteu (FC) reducing capacity results; (c) 671 
Total Curcuminoids (TC) content determined by UPLC-DAD. 672 

Further correlation studies between NO results with Folin-Ciocalteau (FC) reducing 673 

capacity results (Figure 18b) and UPLC total curcuminoids (TC) content (Figure 18c) were 674 

also performed, with findings indicating negative correlation (p <0.05) with FC and TC (r 675 

= -0.780 and r = -0.726, respectively). In respect to individual curcuminoids content, find- 676 

ings indicated similar contribution from CUR, DMC and BDM, all with low correlation 677 

values. These results are in agreement with previous results evidencing that besides the 678 

methoxy and phenolic groups, the 1,3-diketone system might play an important role in 679 

nitric oxide (NO) scavenging, since all three curcuminoids showed similar NO scavenging 680 

activity [62] [63]. 681 

In sum, correlation studies on polyphenols contents and antioxidant activities from 682 

literature show variability of results with some studies indicating low or no correlation 683 

[37] [61], others reporting structure and assay dependence [64] while correlation is 684 
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reported in several other studies [65] [66] [67]. The present findings for total curcuminoids 685 

(TC) content, FC reducing capacity, DPPH antioxidant activity and NO radical scaveng- 686 

ing, considering mechanistic factors, are in agreement with the last group of studies re- 687 

porting correlation between antioxidant activity and polyphenols content aligning thus 688 

with findings suggesting these metabolites may play an important role in higher antioxi- 689 

dant capacity. Further, regarding correlation with the three main individual polyphenols, 690 

namely CUR, DMC and BDM (Figure 2), their UPLC-DAD content showing high correla- 691 

tion with FC and DPPH for CUR align with previous findings on the contribution of the 692 

methoxy groups present in CUR to the reducing capacity [37] [42] [43]. Instead, in the case 693 

of nitric oxide radical scavenging activity the similar contribution from the three curcu- 694 

minoids is in agreement with previous evidence pointing to the 1,3-diketone system, 695 

which is common all three molecules, playing an important role in NO scavenging besides 696 

the methoxy and phenolic groups [62] [63]. 697 

Despite these promising results for C. longa extracts, the antioxidant assays per- 698 

formed are non-physiological models and although other polyphenolic extracts have 699 

shown strong correlation between these types of antioxidant assays and cellular antioxi- 700 

dant capacity [68], in vitro and in vivo model studies are needed to validate the extracts 701 

bioactive properties on cells. For instance, nano-encapsulated curcuminoids have shown 702 

important cellular antioxidant capacity [69], implying the possible use of these formula- 703 

tions aiming to increase curcuminoids bioavailability. 704 

3.6. Principal Component Analysis for Polyphenolic Extracts of C. longa rhizomes 705 

In order to summarize the results, a Principal Component Analysis (PCA) was per- 706 

formed for C. longa rhizomes (n = 12) considering seven variables, namely TC, CUR, DMC, 707 

BDM, FC, DPPH and NO values. Two components (PC1 and PC2) were obtained (load- 708 

ings > 0.38). The first component (PC1) corresponded to 84.10% of total variance and pre- 709 

sented a negative correlation with TC, CUR, FC and positive correlation with DPPH. The 710 

second component (PC2) described 6.95% of the total variance and had a positive correla- 711 

tion with DMC quantification results. 712 

As shown in the graphic representation of the plane defined by the two components 713 

(Figure 19), C. longa samples are distributed along PC1, corresponding to variability for 714 

the above-mentioned polyphenolic contents and DPPH antioxidant activity. For instance, 715 

PCA shows sample NR-4 holding the highest PC1 value, therefore accounting for the low- 716 

est TC, CUR and FC values as well as for the highest DPPH value, thus representing the 717 

lowest antioxidant activity.  718 

In turn, some samples present much lower values in PC1, namely NW-3 and NE-1, 719 

which corresponds to higher FC, TC and CUR contents and lower DPPH values, thus ac- 720 

counting for greater antioxidant activity among all twelve samples. On the other hand, 721 

regarding PC2, sample NW-3 shows the lowest PC2, corresponding to its low DMC con- 722 

tent amid extracts (n = 12), while samples NE-3, NR-2 and NE-1 show highest PC2 in 723 

agreement with their higher DMC results. 724 
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 725 

Figure 19. Graphic representation of the plane defined by the two first principal components (PC1 726 
and PC2) deriving from the PCA analysis of C. longa rhizomes (n = 12) contents. Regions: Northeast- 727 
ern (NE), Northern (NR), Northwestern (NW), Western (WR). 728 

Finally, PCA findings indicate that although differences are observed in the compo- 729 

sition between products from different regions, samples from the Northern (NR) and 730 

Northeastern (NE) regions deliver more homogeneous results while samples from the 731 

Northwestern (NW) region present more diversity. Noteworthy, samples NE-1 and NW- 732 

3 stand out significatively, showing the lowest PC1 value due to their rich total content of 733 

curcuminoids and high antioxidant activity. 734 

4. Conclusions 735 

C. longa rhizomes (n =12) from Costa Rica show high diversity of polyphenols and 736 

important contents of curcuminoids as well as PCA indicates especially higher contents 737 

and antioxidant activity for all samples from the Northeastern (NE) region, therefore sug- 738 

gesting the potential advantage of their homogeneity for obtaining standardized bioactive 739 

products from these rhizomes.  740 

Curcuminoid extracts evaluated in this paper clearly exhibit a potential benefit con- 741 

cerning their capacity to protect against oxidative stress, due to their antioxidant activity 742 

values. Therefore, the promotion of these products as functional food and their consump- 743 

tion as dietary supplements could be beneficial for human health.  744 

Nonetheless, further studies are required to assess their bioactive properties, for in- 745 

stance using in vitro cellular studies for antioxidant activity as well as exploring options 746 

to overcome their limited bioavailability for instance through the elaboration of nano-for- 747 

mulations.  748 
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