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Abstract 26 

The regular consumption of flavonoids has been associated with reduced 27 

mortality and a decreased risk of cardiovascular diseases (CVD). The 28 

proanthocyanidins found in plasma are very different from the original flavonoids in 29 

food sources. Thus, the use of physiologically appropriate conjugates of 30 

proanthocyanidins is essential for the in vitro analysis of flavonoid bioactivity.  31 

In this study, the effect of different proanthocyanidin-rich extracts, which 32 

were obtained from cocoa (CCX), French maritime pine bark (Pycnogenol extract, 33 

PYC) and grape seed (GSPE), on lipid homeostasis was evaluated. Hepatic 34 

human cells (HepG2 cells) were treated with 25 mg/L of CCX, PYC or GSPE. We 35 

also performed in vitro experiments to assess the effect on lipid synthesis that is 36 

induced by the bioactive GSPE proanthocyanidins using the physiological 37 

metabolites that are present in the serum of GSPE-administered rats. For this, 38 

Wistar rats were administered 1g/Kg of GSPE and serum was collected after 2h. 39 

The semi-purified serum of GSPE-administered rats was fully characterised by LC-40 

QqQ/MS2. The lipids studied in the analyses were free cholesterol (FC), cholesterol 41 

ester (CE) and triglycerides (TG). 42 

All three proanthocyanidin-rich extracts induced a remarkable decrease in 43 

the de novo lipid synthesis in HepG2 cells. Moreover, GSPE rat serum metabolites 44 

reduced the total percentage of CE, FC and particularly TG; this reduction was 45 

significantly higher than that observed in the cells directly treated with GSPE. In 46 

conclusion, the bioactivity of the physiological metabolites that are present in the 47 
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serum of rats after their ingestion of a proanthocyanidin-rich extract was 48 

demonstrated in Hep G2 cells.  49 

 50 

Key words: Grape seed proanthocyanidin extract; Serum metabolites; lipid 51 

synthesis; cell cultures; HepG2 cells.  52 

53 
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1. Introduction 54 

Cardiovascular disease (CVD) is the main cause of death worldwide. 55 

According to the World Health Organization, 17.3 million people died from CVD in 56 

2008; this number represents 30% of the total deaths worldwide. In addition, 57 

starting from 2015, it is estimated that approximately 20 million people will die 58 

every year from this disease. Among the modifiable risk factors for CVD, 59 

dyslipidaemia, hypertension, smoking and diabetes mellitus are of particular 60 

relevance [1]. Specifically, hyperlipidaemia, which is the elevation of cholesterol 61 

and/or triglyceride (TG) levels, is a significant risk factor for the development of 62 

atherosclerosis and heart disease. 63 

There is a body of evidence that indicates that a diet rich in vegetables and 64 

fruits decreases the risk of CVD [2-4]; in addition, this decrease has been attributed 65 

to the phenolic compounds that are present in plants. Flavonoids are phenolic 66 

compounds that are commonly found in fruits and vegetables at high 67 

concentrations, and their regular consumption has been associated with a reduced 68 

mortality and a decreased risk of CVD [5-8]. More specifically, grapes, wine, cocoa 69 

and pine are known to be significant sources of flavonoids, particularly flavan-3-ols 70 

and proanthocyanidins [9, 10]. 71 

It is well known that proanthocyanidins improve human health by affecting 72 

the cellular and physiological processes. Several studies have shown the beneficial 73 

effects of proanthocyanidins on lipid metabolism in different experimental models 74 

[11, 12] and humans [13, 14]. Our group has previously shown that the oral 75 
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administration of grape seed proanthocyanidins significantly reduces the 76 

postprandial levels of TG-rich and ApoB-containing lipoproteins and improves 77 

several atherosclerotic risk indexes in normolipidemic rats [15]. In addition, grape 78 

seed proanthocyanidins lead to a reduction in the production and secretion of TG 79 

in the human hepatocarcinoma cell line HepG2 [16]. However, the effect of other 80 

proanthocyanidin extracts on lipid production and secretion has not been studied in 81 

hepatic cells. 82 

It is generally accepted that polyphenol bioavailability is relatively poor [17], 83 

although the monomeric flavan-3-ols (or flavanols) are among the polyphenols that 84 

exhibit higher bioavailability [18]. Moreover, the rapid conversion of flavonoids into 85 

their metabolites is well known [19]. Therefore, the large amount of scientific data 86 

that has been generated using non-physiologically relevant forms and/or 87 

concentrations of flavonoids is questionable [20, 21]. In fact, the limited description 88 

of flavonoid bioactivity that is based on studies that use non-physiologically 89 

relevant forms and/or concentrations of these compounds is considered the most 90 

important limitation in flavonoid research [20]. Thus, the development of in vitro 91 

models using physiologically appropriate conjugates, forms and concentrations of 92 

flavonoids that are more similar to those observed in tissues after the intake of 93 

these compounds is an important requirement for the analysis of flavonoid 94 

bioactivity [21]. Hence, we hypothesised that this question could be addressed 95 

through the treatment of cells with the sera of rats that were orally administered a 96 

proanthocyanidin-rich extract. In this study, the cells were incubated directly with 97 

the flavonoid metabolites in the rat sera, which would simulate the physiological 98 
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conditions that occur within the body. The use of the sera of rats that were 99 

previously administered the compound under study for the treatment of cell 100 

cultures has been recently described. In fact, a previous study confirmed the 101 

bioactivity of bezafibrate, which is a known PPAR-γ ligand, in HeLa cells using 102 

serum [22]. In a similar manner in this study rats were used as a tool to produce 103 

flavanoid metabolites. These physiological forms were utilized to treat HepG2 cells, 104 

allowing the evaluation of the functionality of the bioactive forms.  105 

Therefore, the aim of this study was to first evaluate the effect of different 106 

proanthocyanidin-rich extracts on the lipid production and secretion in HepG2 cells. 107 

Moreover, the lipid-lowering effect of bioactive proanthocyanidins was also 108 

evaluated using an in vitro system; in this system, the cells were treated with the 109 

physiological metabolites that were present in the serum of rats that ingested a 110 

grape seed proanthocyanidin extract (GSPE).  111 

 112 

2. Materials and Methods 113 

 114 
Chemicals and reagents 115 

Chromatographic analysis: Methanol (Scharlab S.L., Barcelona, Spain), 116 

acetone (Sigma-Aldrich, Madrid, Spain) and glacial acetic acid (Panreac, 117 

Barcelona, Spain) were of HPLC analytical grade. Ultrapure water was obtained 118 

from a Milli-Q advantage A10 system (Madrid, Spain). The 1000 mg/L standard 119 

stock solutions of (+)-catechin, (-)-epicatechin, gallic acid, epigallocatechin gallate, 120 

proanthocyanidin B2 and proanthocyanidin B1 (all from Fluka/Sigma -Aldrich, 121 
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Madrid, Spain) in methanol and the 2000 mg/L standard solution of pyrocatechol in 122 

methanol, which was used as an internal standard (Fluka/Sigma Aldrich, Madrid, 123 

Spain), were stored in a dark-glass flask at -20ºC.  124 

Standard stock mixtures with a concentration of 200 mg/L of (+)-catechin, (-125 

)-epicatechin, epigallocatechin gallate and gallic acid in methanol and 100 mg/L of 126 

proanthocyanidin B2 and proanthocyanidin B1 in methanol were prepared weekly 127 

and stored at -20ºC. These standard stock solutions were diluted daily to the 128 

desired concentration using an acetone/water/acetic acid (70:29.5:0.5, v:v:v) 129 

solution.  130 

Cell culture: Dulbecco´s modified Eagle´s medium (DMEM), foetal bovine 131 

serum (FBS), L-glutamine, penicillin and streptomycin were purchased from Bio 132 

Whittaker Europe (Verviers, Belgium). The Bradford protein reagent was obtained 133 

from Bio-Rad Laboratories (Life Science Group, Hercules, CA, USA). 14C-acetate 134 

was purchased from Amersham Biosciences (Buckinghamshire, England).  135 

 136 

Proanthocyanidin-rich extracts  137 

The grape seed proanthocyanidin extract (GSPE) was provided by Les 138 

Dérives Résiniques et Terpéniques (Dax, France). According to the manufacturer, 139 

this proanthocyanidin extract contains monomeric (16.55%), dimeric (18.77%), 140 

trimeric (16%), tetrameric (9.3%) and oligomeric (>5) (35.7%) proanthocyanidins.  141 

The cocoa proanthocyanidin extract (CCX) used for this study was provided 142 

by Natraceutical (Valencia, Spain). This extract was obtained from a polyphenol-143 
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rich cocoa powder that was produced from unfermented, blanch-treated, non-144 

roasted cocoa beans, which preserve the degradation of polyphenols [23]. The 145 

data obtained using normal-phase HPLC showed that the proanthocyanidin cocoa 146 

extract contains monomeric (23.7%), dimeric (15.8%), trimeric (18.4%), tetrameric 147 

(13.9%) and oligomeric proanthocyanidins (>5) (36.2%) [24]. 148 

The pycnogenol extract (PYG) was provided by Shirota Functional Foods 149 

(Tarragona, Spain). The pycnogenol extract contains monomeric (38.0%), dimeric 150 

(40.9%) and oligomeric (containing more than 3 monomeric units, 62.0%) 151 

proanthocyanidins. [25]. 152 

 153 

Experimental procedure in rats 154 

In this study, 17 to 20-week-old male Wistar rats that weighed 300-350 g were 155 

used. The Animal Ethics Committee of our university approved all procedures 156 

(reference number 6777 by Generalitat de Catalunya). The animals were obtained 157 

from Charles River Laboratories (Barcelona, Spain) and housed in animal quarters 158 

at 22ºC with a 12/12-hour light/dark cycle (light from 9:00 a.m. to 21:00 p.m.). The 159 

animals consumed tap water and a standard chow diet (Panlab A04, Barcelona, 160 

Spain) ad libitum throughout the experiment. The rats were randomly divided into 161 

two groups: control (n=4) and GSPE (n=3). The rats from the experimental group 162 

were administered 1 mL of 1 g/kg of body weight of GSPE by oral gavage. The 163 

control group was orally administered 1 mL of water. The corresponding treatments 164 

were administered between 9 and 10 am after overnight fasting. Two hours after 165 

the treatment, the rats were anaesthetised with sodium pentobarbital (80 mg/kg), 166 
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and their blood was collected by cardiac puncture (Figure 1). The blood was 167 

maintained at room temperature for 30 min. Once the blood coagulated, it was 168 

centrifuged at 2000 x g and 4ºC for 15 min to obtain the serum. The sera was 169 

inactivated at 56ºC for 30 min to avoid the risk of complement-mediated cell lysis 170 

and stored at -80ºC until analysis. All of the methods were in accordance with the 171 

guidelines for the care and use of laboratory animals of the University Rovira i 172 

Virgili (Tarragona, Spain). 173 

 174 

Extraction of serum proanthocyanidins 175 

Prior to the cell culture and chromatographic analysis, the rat serum 176 

samples were pretreated by off-line μSPE following the methodology that was 177 

previously described by Martí et al. (2010)  [26] using 30-μm OASIS HLB μElution 178 

Plates (186001828BA, Waters, Barcelona, Spain). Briefly, the micro-cartridges 179 

were sequentially conditioned with 250 μL of methanol and 250 μL of 0.2% acetic 180 

acid. Prior to extraction, the serum was centrifuged at 2000 x g and 4ºC for 5 min. 181 

Two serum aliquots (each of 350 μL) were mixed, each of them, with 300 μL of 4% 182 

phosphoric acid and 50 μL of pyrocatechol (2000 ppb) and then loaded onto two 183 

different plates. The two loaded plates were washed with 200 μL of Milli-Q water 184 

and 200 μL of 0.2% acetic acid. The retained flavanols on each plate were eluted 185 

with 2 x 50 μL of an acetone/Milli-Q water/acetic acid (70:29.5:0.5, v:v:v) solution. 186 

The two elutions were mixed to obtain a final volume of 200 μL. Part of the solution 187 

(25 μL) was evaporated to dryness using a SpeedVac Concentrator SPD 2010 188 

SAVANT (Thermo Scientific, USA) at room temperature and redissolved in 25 μL 189 
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of an acetone/Milli-Q water/acetic acid (70:29.5:0.5, v:v:v) solution. These samples 190 

were then directly injected in the LC-QqQ/MS2 for chromatographic analysis; the 191 

sample volume used was 2.5 μL. The remaining 175 μL of the semi-purified serum 192 

was also evaporated to dryness at room temperature using the same procedure 193 

described above and then stored at -80ºC until its use in the cell culture 194 

experiments (Figure 1).  195 

Chromatographic analysis  196 

The chromatographic analysis was performed using a 1200 LC Series 197 

coupled to a 6410 QqQ/MS2 (Agilent Technologies, Palo Alto, USA). The 198 

separations were achieved using a Zorbax C18 (100 mm x 2.1 mm i.d., 1.8-μm 199 

particle size) chromatographic column from Agilent Technologies. The mobile 200 

phase consisted of 0.2% acetic acid (solvent A) and acetonitrile (solvent B) at a 201 

flow rate of 0.4 mL/min. The elution gradient was 0-10 min, 5-55% B, 10-12 min, 202 

55-80% B, 12-15 min, 80% B isocratic, and 15-16 min, 80-5% B. A post run of 10 203 

min was applied. The ESI conditions were the following: drying gas temperature 204 

and flow rate of 350ºC and 12 L/min, respectively, nebuliser gas pressure of 45 psi, 205 

and capillary voltage of 4,000 V. The QqQ was operated in the negative mode. The 206 

QqQ acquisition was performed in the MRM mode for the analysis of the 207 

proanthocyanidins and their metabolites.  208 

 209 

Method validation and sample quantification 210 

To validate the quantitative method, the calibration curves, linearity, 211 

extraction recovery, precision, sensitivity, and the method detection and 212 
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quantification limits were studied through an analysis of the standard solutions and 213 

blank serum samples that were spiked with standard flavanols. The calibration 214 

curves were obtained by plotting the analyte/IS peak abundance ratios and the 215 

corresponding analyte/IS concentration ratios. The extraction recovery was 216 

evaluated through a comparison of the responses of the spiked samples with the 217 

calibration curves of the standard solutions. The precision of the method was 218 

assessed from the relative standard deviation (RSD) in a triplicate analysis of a 219 

spiked sample. The sensitivity was evaluated by determining the limit of detection 220 

(LoD), which is defined as the concentration that corresponds to three times the 221 

signal-to-noise ratio, and the limit of quantification (LoQ), which is defined as the 222 

concentration that corresponds to 10 times the signal-to-noise ratio. The method 223 

detection and quantification limits (MDL and MQL, respectively) were calculated in 224 

the analysis of 350 μL of a sample. Table 1 shows the values that were obtained 225 

for each quality parameter.  226 

To quantify the samples, eight spiked blank samples with different 227 

concentration levels were used to obtain the calibration curves. The standard 228 

compounds in the samples were then quantified through the interpolation of the 229 

analyte/IS peak abundance ratios in these curves. Due to the lack of appropriate 230 

standards, the catechin, epicatechin and epicatechin gallate metabolites were 231 

tentatively quantified using the calibration curves of the catechin, epicatechin and 232 

EGCG standards, respectively. Similarly, the proanthocyanidin B3 dimer and the 233 

proanthocyanidin trimer were quantified using the calibration curves of the 234 

proanthocyanidin B2 dimer.  235 
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 236 

Cell culture 237 

The human hepatocellular carcinoma cell line HepG2 (ATCC code HB-8065, 238 

Manassas, VA, USA) was cultured in DMEM medium supplemented with 10% (v/v) 239 

foetal calf serum, 100 U/mL penicillin, 100 µg/mL streptomycin and 2 mM L-240 

glutamine in a cell culture flask at 37ºC in a humidified atmosphere with 5% CO2. 241 

The cells were fed every 2-3 days.  242 

 243 

Lipid analysis 244 

Once they reached 80-90% confluence, the HepG2 cells were seeded at a cell 245 

density of 500 x 103 cell/ well in 12-well plates. The growth medium was replaced 246 

by supplemented culture media 12 hours before the addition of the treatments. In 247 

the first in vitro study, the HepG2 cells were treated with 25 mg/L of GSPE, CCX, 248 

or PYG, which was dissolved in 1% EtOH, or vehicle (1% EtOH), which was used 249 

as the negative control. In the second in vitro study, the HepG2 cells were treated 250 

with the semi-purified rat serum. The dried semi-purified serum was redissolved in 251 

supplemented culture medium and then added to the growth medium on the well 252 

(1:10, v/v). GSPE (25 mg/L) and EtOH (1%) were used as positive and negative 253 

controls, respectively. In both in vitro studies, 14C-acetate (0.6 µCi/mL) was added 254 

to the cell culture medium at the same time as the treatment to assess the lipid 255 

synthesis.  256 
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After 6 hours of treatment with the different proanthocyanidin extracts or sera, the 257 

media and cells were collected. The lipid fractions were obtained through a 258 

hexane/isopropanol (3:2, v:v) extraction and separated through thin layer 259 

chromatography (TLC). The lipids analysed in both studies were cholesterol ester 260 

(CE), free cholesterol (FC) and triglycerides (TG). TLC was performed as 261 

previously described [27] with an additional separation using a hexane/MTBE/NH3 262 

(30:20:0.1, v:v:v) solvent to obtain the TG fraction [16]. The obtained lipid fractions 263 

were separated, and the radioactivity was measured by scintillation counting. The 264 

values were corrected per milligram of protein, which was determined using the 265 

Bradford methodology [28].  266 

 267 

Statistical analysis 268 

The results are expressed as the mean ± standard error (SEM) of the mean 269 

and were analysed by Student’s t-test and one-way ANOVA using the SPSS 270 

software. The differences between the groups were assessed using the Bonferroni 271 

test (to correct for multiple comparisons). The differences between the means were 272 

considered significant when p <0.05. 273 

 274 

3. Results  275 

 276 

Proanthocyanidin-rich extracts decrease lipid synthesis and excretion in 277 

HepG2 cells 278 
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All three tested proanthocyanidin-rich extracts (GSPE, CCX and PYC) 279 

induced a 50-60% decrease in the synthesis of CE in HepG2 cells; no differences 280 

were observed between the three extracts (Figure 2A). Furthermore, GSPE and 281 

PYC also induced a 40-50% decrease in the levels of both FC and TG. However, 282 

even though CCX also induced a decrease in the FC and TG levels, this decrease 283 

was not statistically significant (Figures 2B and 2C).  284 

Moreover, no significant difference was measured in the amount of CE, FC 285 

and TG in the medium in response to any of the three proanthocyanidin-rich 286 

extracts. Therefore, the observed decrease in the synthesis of FC, CE and TG was 287 

due to a significant reduction of the lipids inside the cells (Figure 2).  288 

Characterisation of the GSPE metabolites in the rat serum  289 

To assess the bioactive compounds in GSPE that affect the de novo lipid 290 

synthesis and excretion, we characterised the proanthocyanidin metabolites that 291 

are present in the sera of GSPE-administered rats by LC-ESI-QqQ/MS. This 292 

analysis was performed 2 hours after the administration of 1 g/kg GSPE to the rats. 293 

Figure 3 illustrates the extracted ion chromatograms of the analysis of the 294 

flavonoids and their metabolites. The results of this analysis are shown in Table 2, 295 

which details the amount of each flavonoid and metabolite in the rat serum. Hence, 296 

2 hours after GSPE ingestion, the main compounds detected in the rat sera were 297 

conjugated forms of the monomeric flavan-3-ols (catechin and epicatechin). 298 

Specifically, the flavan-3-ol metabolites (epi)catechin glucuronide, methyl-299 

(epi)catechin-glucuronide, epicatechin-sulphate, methyl-epicatechin and methyl-300 
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(epi)catechin-sulphate were detected at concentrations of at least 0.15 M (Table 301 

2). The glucuronidated forms were present in the sera at a substantially higher 302 

concentration than the concentrations of the methylated and sulphated conjugates. 303 

However, in contrast to the high amount of these compounds in the extract, free 304 

forms of unconjugated catechin, epicatechin and dimeric proanthocyanidins were 305 

detected in low amounts [29]. Moreover, other compounds that were also abundant 306 

in GSPE were not detected in the sera, such as monomeric gallate conjugates and 307 

trimeric proanthocyanidins. The retention times of each compound are shown in 308 

Figure 3. 309 

 310 

The metabolites in the serum of GSPE- administered rats decrease lipid 311 

synthesis and excretion in HepG2 cells.  312 

Two hours after the administration of GSPE, the rat serum was extracted, 313 

semi-purified and used to treat HepG2 cells as a source of bioactive GSPE 314 

metabolites. The results show that the metabolites in the serum extracted from 315 

GSPE-administered rats significantly reduced the total percentage of CE and FC in 316 

both the cells and the culture medium compared with the effect obtained with the 317 

sera of rats that were administered water (Figures 4A and 4B). The percentage of 318 

TG was also reduced inside the cell but not in the medium (Figure 4C). The GSPE 319 

metabolites induced 39%, 52% and 72% reductions in the cellular levels of CE, FC 320 

and TG.  321 

 322 
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4. Discussion 323 

Dietary proantocyanidins are known to have numerous potential health 324 

benefits; these compounds present a protective role against different 325 

cardiovascular risk factors [30, 31], including high serum lipid levels. In fact, our 326 

research group has reported a reduction in postprandial TG as a result of the 327 

administration of 25 mg/kg of grape seed proanthocyanidin extract to 328 

normolipidemic rats [16], mice [32] and rats that receive a high-fat diet [33]. In 329 

addition, the GSPE-induced suppression of some lipogenic enzymes, which are 330 

induced by a high-fat diet, has been described [33, 34]. Moreover, a previous in 331 

vitro study reported the reduction of de novo TG synthesis and secretion in HepG2 332 

cells that were treated with 50 mg/kg GSPE [16]. 333 

In our study, the GSPE-treated HepG2 cells exhibited hypolipidemic effects 334 

compared to the control cells. In particular, we found a significant reduction in the 335 

accumulation of intracellular 14C-lipids but no significant differences in the lipid 336 

contents in the media. This result is likely because the incorporated radioactivity 337 

was measured after 6 and not after 12 hours of treatment, as previously described 338 

[16]. Interestingly, our results show that half of the dose of GSPE (25 mg/L) and 339 

half of the treatment duration was sufficient to reduce lipid synthesis and 340 

production. Similar results were observed with the other proanthocyanidin-rich 341 

extracts (CCX and PYC). However, CCX did not significantly decrease the 342 

syntheses and the amount (both the cell and medium contents) of FC and TG 343 

(Figures 4B and 4C, respectively); this difference is likely because of the different 344 

composition of the extracts.  345 
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The data obtained using non-bioactive molecules and extracts to treat 346 

cultured cells have been questioned [22]. More specifically, the in vitro results 347 

obtained using non-physiologically relevant forms and/or concentrations of 348 

flavonoids is considered an important limitation of the studies that aim to determine 349 

the in vivo bioactivity of these compounds [20, 21]. An important feature of 350 

polyphenols is the changes that occur to these molecules during first-pass 351 

metabolism. Thus, the molecular forms that reach the peripheral circulation and 352 

tissues are different from those that are present in foods [20]. In addition, the 353 

microflora extensively affects polyphenol hydrolysis and hence further contributes 354 

to the variation in the molecular forms of the polyphenols that are found in the 355 

blood and tissues [12, 35, 36]. These findings suggests that the bioactive forms of 356 

polyphenols are different from those that are present in food and that in vitro 357 

experiments with food polyphenols do not necessarily capture the in vivo situation 358 

[37]. In fact, GSPE is rich in monomers, namely catechin and epicatechin, which 359 

are found both free and conjugated to a gallate moiety, and dimers [29]. However, 360 

these free forms are not found in a high concentration in the serum, which is 361 

predominantly composed of conjugated metabolites, such as catechin and 362 

epicatechin glucuronide. Moreover, only dimeric proanthocyanidins are detected in 363 

serum, whereas trimeric proanthocyanidins are not detected despite their 364 

abundance in GSPE [29]. The serum metabolites that were detected in this study 365 

are similar to those that were previously reported by other authors that analysed 366 

plasma after the administration of the same dose of GSPE [29]. Therefore, the 367 

bioactive flavanols in rat serum differ considerably from the compounds that are 368 

present in GSPE. Hence, it is important to perform flavan-3-ol functionality studies 369 
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using the metabolites in the serum of GSPE-administered rats for the treatment of 370 

cells. This approach is particularly important when extracts and not pure 371 

compounds are used to treat cells since the extracts consist of a complex mixture 372 

of different molecules. Moreover, the post-absorption metabolization of the extract 373 

mixture yielding numerous metabolites [29], turns into impossible to obtain them 374 

from other sources rather than from the rat.  375 

In this study, we combined the in vivo and in vitro system described to 376 

establish the bioactivity of proanthocyanidins on de novo lipid synthesis and 377 

excretion. Thus, HepG2 cells were incubated with the physiological metabolites 378 

that are present in the serum of GSPE-administered rats. It is important to point out 379 

that the sera metabolites comes from the metabolization not only by the liver 380 

hepatocytes, but also by the intestinal cells and by the microbiota. Therefore, the 381 

metabolites used in our study contained all the possible bioactive forms of 382 

polyphenols that are present in the sera of the animals 2 hours after the 383 

administration of an extract rich in proantocyanidins. The rats were administered 384 

with an acute dose of 1g/Kg body weight of GSPE to obtain sufficient amount of 385 

the proanthocyanidins metabolites to observe a further functionality in HepG2 cells 386 

[29]. The rat serum was obtained 2 hours after the administration of the 387 

proanthocyanidin-rich extract because the highest plasma peak concentrations of 388 

flavanols are obtained 2 to 3 hours after the ingestion of the extract in a dose-389 

dependent manner [38, 39]. Specifically, the maximum peaks were obtained in the 390 

plasma of rats that received 1 g/kg of GSPE 1 to 2 hours post-administration [29]. 391 

Moreover, before its use for the treatment of HepG2 cells and chromatographic 392 
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analysis, the sera were semi-purified using a micro-solid-phase extraction 393 

procedure (SPE), which is a standard method that has been used prior to the 394 

chromatographic analysis of the polyphenols in biological samples, such as plasma 395 

[40]. Through this method, the numerous interferences in the sera, which are 396 

mainly proteins, are reduced. In addition to the pretreatment of the plasma, this 397 

method pre-concentrates the phenolic compounds because these are present in 398 

the plasma and serum in trace amounts [40]. Therefore, we consider this semi-399 

purification and pre-concentration step crucial to obtain mostly purified bioactive 400 

flavonoids and metabolites for both chromatographic analysis and in vitro cell 401 

treatment.  402 

The results obtained using the metabolites in the sera of GSPE-403 

administered rats, which were compared to the results obtained with the sera of 404 

rats that were orally administered water, showed a decrease in the de novo lipid 405 

synthesis and excretion in HepG2 cells, especially of TG. Similarly, a marked 406 

decrease in the TG level was also observed in previous in vivo studies that 407 

administered GSPE to rats, which showed that GSPE induced a clear 408 

hypotriglyceride effect in animals [15]. The lowering lipid effect of semi-purified rat 409 

sera is indicative that the physiological forms of the GSPE flavonoids also exhibit 410 

hypolipidemic properties. It was recently postulated that orally administered 411 

quercetin and likely other flavonoids are conjugated in the intestine and liver prior 412 

to its transport to the bloodstream and that the flavonoid released from its 413 

glucuronidated metabolite is responsible for its activity [41, 42]. Although our study 414 

has been performed with other cell types and using other flavonoids that are 415 
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different from quercetin, as well as with extracts instead of pure compounds, the 416 

obtained results also show the bioactivity of the conjugated metabolites.  417 

Finally, although this study was realized with the phase II metabolites and 418 

some aglycones (i.e.; a time-point of 2h was selected), this methodology can be a 419 

particularly useful tool to test the bioactivity of microbial metabolites, through the 420 

use of serum from rats administered proanthocyadins after long time-points. These 421 

studies could be especially relevant taking into account that the microbial 422 

metabolites are thought to be the responsible forms of a great part of the health 423 

effects of proanthocyanidns [43].  424 

In conclusion, this study demonstrates the high hypolipidemic in vitro effect 425 

of different proanthocyanidin-rich extracts. Furthermore, the bioactivity of the 426 

proanthocyanidin rat sera metabolites of GSPE was also demonstrated in HepG2 427 

cells, which exhibited a decrease in lipid synthesis and excretion. All these results 428 

demonstrated that the proposed in vivo-in vitro combined system is useful to study 429 

the functionality of the bioactive forms of flavonoids. 430 

 431 
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Figure legends 567 

 568 

Figure 1. Graphical representation of the in vivo and in vitro systems used in this study. 569 

 570 

Figure 2. Effect of proanthocyanidin-rich extracts on lipid synthesis and secretion in 571 

HepG2 cells. Changes induced by GSPE, CCX and PYC on the de novo synthesis and 572 

secretion of CE (A), FC (B) and TG (C). The HepG2 cells were simultaneously incubated 573 

with 14C-labelled acetate and 25 mg/L of GSPE, CCX, PYG or vehicle (control). After 6 574 

hours of treatment, the radioactivity that was incorporated into the media and cellular lipids 575 

was measured. %CE, %TC and %TG were calculated considering the control as the 576 

100%. All of the values are the mean ± SEM of triplicates of three independent 577 

experiments; the bars with different letters indicate statistically significant differences 578 

compared to the control (p <0.05).  579 

 580 

Figure 3. Extracted ion chromatograms of the compounds in Table 2. These 581 

chromatographs were used for the analysis of the serum of GSPE-administered rats. The 582 

serum was extracted 2 hours after the administration of 1 g/kg of GSPE. The following 583 

compounds were analysed: (1) gallic acid; (2) B1 dimer; (3) B1+B3 dimer; (4) B2 dimer; (5) 584 

methyl- catechin-glucuronide; (6) methyl-epicatechin-glucuronide; (7) catechin 585 

glucuronide; (8) epicatechin glucuronide; (9) catechin; (10) epicatechin; (11) epicatechin 586 

sulphate; (12) epicatechin gallate; (13) methyl-catechin-O-sulphate; (14) methyl-587 

epicatechin-O-sulphate; (15) 3-methyl-epicatechin; and (16) 4-methyl-epicatechin. 588 

 589 
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Figure 4. Effect of semi-purified serum from GSPE-administered rats on lipid synthesis 590 

and secretion in HepG2 cells. Changes induced by the semi-purified serum of GSPE-591 

administered rats on the de novo synthesis and secretion of CE (A), FC (B) and TG (C). 592 

The serum was extracted 2 hours after the administration of water (control group) or 1 g/kg 593 

of GSPE. The HepG2 cells were simultaneously incubated with 14C-labelled acetate and 594 

semi-purified rat serum. After 6 hours of treatment, the radioactivity that was incorporated 595 

into the media and the cellular lipids was measured. %CE, %TC and %TG were calculated 596 

considering the control as the 100%. All of the values are the mean ± SEM of triplicates of 597 

three independent experiments. 598 

 599 

600 
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Table 1. Quality parameters of the quantitative method used for the determination of 601 

proanthocyanidins by LC-ESI-QqQ/MS2.  602 

Compound 
Calibration 

curve 

Determination 

coefficient 

(R2) 

Linearity 

(μM) 

Recovery 

(%) 

Precision 

(%RSD, 

n=3) 

LoD 

(nM) 

LoQ 

(nM) 

MDLa 

(nM) 

MQLa 

(nM) 

Catechin y=0.1472x 0.99 0.19-39 99 0.29 20.70 68.90 5.90 19.70 

Epicatechin y=0.1127x 0.99 0.18-36 80 1.06 12.40 41.30 3.50 11.80 

B2 dimer y=0.2474x 0.99 0.04-9.0 92 0.27 6.90 23.00 2.00 6.60 

B1 dimer y=0.3335x 0.99 0.04-8.6 69 0.85 31.10 103.70 8.90 29.60 

EGCG y=2.0337x 0.99 0.20-12 73 8.77 1.20 4.00 0.30 1.10 

Gallic acid y=0.2719x 0.98 0.31-61 48 0.42 35.30 117.60 10.10 33.60 

a Method detection and quantification limits are expressed in μmol/L of fresh sample, 603 

which was calculated for the analysis of a 350-μl serum sample. 604 

Abbreviations: EGCG, Epigallocatechin Gallate; LOD, Limit of Detection; LOQ, Limit of 605 

Quantification; MDL, Method Detection Limit; MQL, Method Quantification Limit 606 

 607 

 608 

609 
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Table 2. Flavonoids and metabolites in the serum of rats that ingested an acute dose of 1 610 

g/kg of grape seed proanthocyanidin extract (GSPE). The quantification was performed 2 611 

hours after the administration of GSPE. The data are presented as the mean (µM) ± SEM 612 

(n=4).  613 

Compound Total amount (µM) 

Catechin 

Epicatechin 

Procyanidin B1 dimer 

Proanthocyanidin B2 dimer 

Proanthocyanidin B3 dimer (3) 

Gallic acid 

Epicatechin gallate(4) 

Dimer gallate (3) 

Trimer(3) 

EGCG 

0.08±0.02 

0.52±0.14 

0.10±0.06 

0.19±0.50 

0.10±0.02 

0.89±0.13 

n.d. 

n.d. 

n.d. 

n.d. 

Metabolites 

Catechin-glucuronide(1) 

Epicatechin-glucuronide(2) 

Methyl-catechin-glucuronide(1) 

Methyl-epicatechin-glucuronide(2) 

Catechin-sulphate(1) 

Epicatechin-sulphate(2) 

3-o-methyl-epicatechin(2) 

4-o-methyl-epicatechin(2) 

Methyl-catechin-o-sulphate(1) 

Methyl-epicatechin-o-sulphate(2) 

>39±14.89 

>36±14.51 

14.89±1.96 

12.35±1.16 

n.d. 

0.76±0.16 

0.15±0.03 

0.34±0.05 

1.50±0.30 

3.91±0.63 

Abbreviations: n.d.= not detected; n.q.= not quantified; EGCG= Epigallocatechin 614 
Gallate 615 
1 Quantified as Catechin 616 
2 Quantified as Epicatechin 617 
3 Quantified as Dimer B2 618 
4 Quantified as EGCG 619 
 620 

 621 


