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Determination of cyanidin 
3-glucoside in rat brain, liver and 
kidneys by UPLC/MS-MS and 
its application to a short-term 
pharmacokinetic study
Stefano Fornasaro1, Lovro Ziberna1, Mattia Gasperotti2, Federica Tramer1, Urška Vrhovšek2, 
Fulvio Mattivi2 & Sabina Passamonti1

Anthocyanins exert neuroprotection in various in vitro and in vivo experimental models. However, no 
details regarding their brain-related pharmacokinetics are so far available to support claims about their 
direct neuronal bioactivity as well as to design proper formulations of anthocyanin-based products. To 
gather this missing piece of knowledge, we intravenously administered a bolus of 668 nmol cyanidin 
3-glucoside (C3G) in anaesthetized Wistar rats and shortly after (15 s to 20 min) we collected blood, 
brain, liver, kidneys and urine samples. Extracts thereof were analysed for C3G and its expected 
metabolites using UPLC/MS-MS. The data enabled to calculate a set of pharmacokinetics parameters. 
The main finding was the distinctive, rapid distribution of C3G in the brain, with an apparently constant 
plasma/brain ratio in the physiologically relevant plasma concentration range (19–355 nM). This is the 
first report that accurately determines the distribution pattern of C3G in the brain, paving the way to 
the rational design of future tests of neuroprotection by C3G in animal models and humans.

Cyanidin-3-O-β -glucoside (C3G) belongs to a class of dietary polyphenols known as anthocyanins, which are 
water-soluble pigments widely distributed among fruits and vegetables, as well as present in red wine1. C3G 
has recently gained attention for its multifunctional neuroprotective effects, including protection against 
amyloid-beta-peptide-induced toxicity2, antioxidant and cognitive promotion activity3,4, anti-ischemic, and 
anti-inflammatory properties5,6. Indeed, chronic consumption of anthocyanins has been correlated with 
decreased incidence of cognitive decline and neurodegeneration associated with ageing7,8.

Anthocyanins are quickly absorbed and occur in animal and human plasma and urine in unchanged (i.e. 
glycosides) and metabolized forms (glucuronidated, sulphated or methylated derivatives)9–12. However, their con-
centration in blood plasma after the oral intake is very low (nM range)13–15. Nevertheless, C3G and other anthocy-
anins, as well as their derivatives, are detected in tissues such as stomach, skin, small intestine, liver, kidney, lung 
and eye shortly after administration16–20. Intact anthocyanins are also able to reach the brain21–24. Importantly, a 
chronic anthocyanin-enriched diet led to accumulation of C3G and other anthocyanins in the cerebellum, cortex, 
hippocampus and striatum region of rats brain23. Moreover, they were detected in the brain as quickly as 10 min-
utes from their introduction into the stomach24.

In vitro studies suggest that short-term incubation can lead to the activation of signalling pathways related 
to neuroprotection, as observed for ethanol-induced neuronal apoptosis in hippocampal neurons (20 min C3G 
incubation)25. C3G can be accumulated within the brain endothelial cells26, and can also cross a blood-brain 
barrier cellular model in a time-dependent manner, in 1 hour27. Despite these clear effects of C3G on the CNS, 
there is an on-going debate about the degree to which dietary anthocyanins and their metabolites can enter, and 
eventually accumulate, into the brain28. To enable a better understanding of the putative mechanisms of C3G 
neuroprotective activity in vivo, deeper knowledge about its brain-related pharmacokinetics is required. Thus, we 
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focused on short-term C3G pharmacokinetics (PK) (15 s–20 min), after intravenous administration to circum-
vent inter-individual variability in gastrointestinal absorption. Under these conditions, we observed the rapid 
distribution of C3G into the brain. The quantitative analysis of C3G and its associated methylated derivatives 
in rat organs and biofluids, applied to a PK analysis, enabled us to characterize the complex distribution and 
metabolism of C3G in the rat organism. Indeed, this piece of knowledge is not available in the literature and is 
therefore reported here in detail for the first time. Recently, there was the direct evidence for the entrance of the 
flavonoid molecule into the brain parenchyma29, thereby opening the rationale for other flavonoids, including 
anthocyanins, to be localized in neurons or glia. Noteworthy, our experimental strategy involved the least number 
of animals, in compliance with the 3R principles on animal experimentation.

Results and Discussion
Table 1 reports the concentrations of C3G and other anthocyanins measured in plasma of anaesthetized rats 
over a period of 0–20 min after I.V. administration of 668 nmol C3G. The disappearance of C3G was very fast; 
its biotransformation was rapid and substantial, allowing for the quick appearance of some derivatives in the 
circulation, such as Peonidin-3-O-β -glucoside (PN3G) and Malvidin-3-O-β -glucoside (M3G). Delphinidin-
3-O-β -glucoside (D3G) appeared transiently in plasma only at 2 min. Petunidin-3-O-β -glucoside (PT3G) was 
detected in plasma only in trace amounts within the first 5 min. These congeners (Fig. 1) may be regarded as 
the products of hydroxylation and methylation reactions catalysed by cytochrome P450 and catechol O-methyl 
transferase, respectively30. Pelargonidin-3-O-β -glucoside (PG3G) was also found throughout the experiment. 
Currently, we are unable to speculate about the enzyme activity responsible of this transformation, since no mam-
malian dehydroxylase is listed in enzyme databases. Recently, we have reported another case of dehydroxylation, 
i.e. the transformation of urolithin A to urolithin B28. No aglycones or conjugated derivatives were detected.

Table 2 reports the concentrations of C3G and other anthocyanins measured in the brain, the liver and the 
kidneys. C3G distribution and methylation to PN3G were very rapid in these tissues, where PT3G was also found. 
The amounts recovered in the urine are reported in Table 3. Rat urine showed relatively high amounts of C3G and 
major metabolites. As much as 15% of the injected dose was recovered 5 min after the injection.

A noteworthy feature is the high rate of C3G disappearance following I.V. administration, thereby making it 
an analytical challenge to detect plasma C3G at sufficient amounts for its PK parameters to be determined.

Plasma Pharmacokinetics of C3G. The disappearance of C3G from plasma (Fig. 2A) was described by a 
biphasic curve: a very rapid decline in the first 2 min (distribution phase) that was followed by a slower declin-
ing phase (elimination phase). The plasma PK parameters, calculated by both NCA and TCMA, are reported in 
Table 4. Notably, half-life (t1/2), volume of distribution at steady state (Vss) and total body clearance (CL) were 
similar if calculated by either method. The extrapolated plasma concentrations of C3G at time zero (C0) were 
calculated by either compartmental or non-compartmental analysis, respectively. The values found were 550 and 
429 nM, respectively.

The results allow several novel insights into C3G distribution and metabolism, and they also corroborate find-
ings previously made in the same31 or in other rodent species32. The mean half-life of C3G was less than 8 min, 
meaning that ca. 10% of the residual amount of C3G was eliminated per min. Accordingly, we can estimate that 
the time window needed to accurately describe complete elimination is no more than 1 hour (considering the 
general rule of a thumb for a complete elimination in 5–6 half-lives, which is in our case 40–50 min).

It is noteworthy that the total body clearance of C3G was 0.49 L/min, a figure that is much higher than the car-
diac output (0.10 L/min). Therefore, blood-flow independent elimination can be assumed, e.g. by spontaneous and 
enzyme-catalysed decomposition to undetectable products, such as the unstable 2,4,6-trihydroxybenzaldehyde33, 
or by direct metabolism occurring in the blood (plasma, red blood cells, and/or endothelial surface) or by a pos-
sible lung first-pass effect19,34.

At the steady state, the volume of distribution of C3G was 4.58 L, which is much greater than total body 
water35, suggesting that C3G is extensively distributed in tissues: when distribution equilibrium is achieved, only 
0.24% of C3G is present in plasma, while 99.76% is distributed beyond plasma. As a consequence, the plasma 

Time (min) C3G PN3G PT3G D3G M3G PG3G TOT

0.25 354.84 ±  54.19 33.68 ±  5.51 2.20 ±  1.05 nd 9.13 ±  3.46 4.50 ±  0.62 404.34 ±  64.83

2 93.80 ±  9.01 13.05 ±  2.35 4.95 ±  3.16 12.81 ±  10.46 95.83 ±  61.71 1.89 ±  0.17 222.33 ±  86.86

5 72.19 ±  5.47 12.31 ±  1.37 1.71 ±  1.39 nd 16.45 ±  13.08 2.01 ±  0.28 104.67 ±  21.58

15 17.50 ±  2.04 3.73 ±  0.94 nd nd 3.67 ±  0.14 1.90 ±  0.19 26.80 ±  3.31

20 18.78 ±  4.06 3.40 ±  0.22 nd nd 8.60 ±  3.88 1.55 ±  0.13 32.33 ±  8.29

AUC0–20 (nM min) 1165.23 174.77 nsd nsd 343.45 40.41 1825.57

Half life (min) 6.90 8.16 nsd nsd 5.29 44.67 5.36

Table 1.  Mean plasma concentrations (nM) of C3G and its derivatives in Wistar rats following intravenous 
administration of 668 nmol of C3G. Results are expressed as mean ±  SEM (n =  4). nd Not detected; nsd data not 
sufficient to estimate the terminal slope; AUC0-20, Area Under the Curve from 0 to 20 min; t1/2, Half-life; C3G, 
cyanidin-3-O-glucoside; D3G, delphinidin-3-O-glucoside; PN3G, peonidin-3-O-glucoside; PT3G, Petunidin-
3-O-glucoside; M3G, malvidin-3-O-glucoside; PG3G, Pelargonidin-3-O-glucoside. Limits of quantitation (nM) 
are the following: C3G (1.11), PN3G(1.08), PT3G(2.09), D3G(4.30), M3G(1.01), PG3G (1.15).
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concentration cannot be used as a proxy for predicting the concentration in tissues, with the possible exception 
of brain, as discussed below.

Other physiological parameters resulting from the two compartment model were: i) the volume in the central 
compartment (V1, 1.21 L); ii) the volume in the peripheral compartment (V2, 3.36 L, suggesting that the major 
fraction of C3G resided in the peripheral compartment); iii) the distribution half-life (t1/2d, 0.30 min, suggesting 
that after 18 s, half of the compound had already been cleared from the plasma. In other words, it takes ca. 8 s for 
distribution to go to 50% completion and between 25 to 42 s for distribution to go to completion); iv) the distri-
bution clearance (CLd, 1.76 L/min).

Peripheral Bioavailability. The mean residence time of C3G in the body (MRT, 9.21 min) is the sum of the 
mean residence time in both the peripheral space (MRTP, 6.78 min) and the central compartment or circulation 
(MRTC, 2.44 min). The peripheral bioavailability (FAUC, calculated as MRTP/MRTC) was 2.77, indicating that C3G 
molecules tend to spend a longer time (73.51% of its MRT) in the peripheral space than in the central compart-
ment (systemic circulation). This speaks in favour of an accumulation pattern for C3G molecules.

The mean transient time of C3G molecules in the peripheral space (MTTP, defined as the mean time needed 
for C3G molecules to return to the central compartment subsequent to entering the peripheral space) was 
1.91 min; and the number of circulations made by a molecule on average before being eliminated (IC, calculated as 
MRTP/ MTTP) was 3.56. In other words, while seven molecules are being distributed from the central to periph-
eral space, two molecules are being eliminated from the central compartment (Fig. 3).

Tissue pharmacokinetics of C3G and its metabolites. The concentrations-time courses of C3G in 
selected tissues are shown in Fig. 2B. C3G, PN3G and PT3G could be detected in brain, liver, and kidneys (Fig. 4 
and Table 2). The amounts of C3G found in tissues were in descending order of kidneys (0.44–1.69 nmol/g), liver 
(5.64–58.61 pmol/g) and brain (2.41–44.11 pmol/g). The AUC values of C3G in the brain and in the liver were 

Figure 1. Molecular structures of the analytes. 
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in the same concentration range (119.9 and 345.3 pmol/g min, respectively). The AUC value in the kidneys was 
14.3 nmol/g min, as reported in Table 2.

Since this experiment was focused on the distributive phase of the concentration-time profile in both the 
sampled tissues and plasma, the data enabled us to estimate the Mean Transit Time in each specific tissue (MTTi). 
Under these experimental conditions, this value serves as a good descriptor of tissue distribution differences36. 
Distribution of C3G occurred most quickly in the brain (MTTb, 0.43 min), followed by the liver (MTTl, 1.43 min) 
and then the kidneys (MTTk, 8.54 min).

The amounts of PN3G recovered in tissues were in descending order of kidneys (0.90–1.99 nmol/g), liver 
(100.84–539.38 pmol/g) and brain (0.37–2.07 pmol/g). The 4′  positional isomer isoPN3G was detected here as 
an expected metabolite, based on a critical re-assessment37 of previous data. It was here confirmed to be a minor 
peak, around 2.59% of PN3G, only in the liver. The AUC of PN3G in the kidneys and in the liver was 116.5 times 
and 32.10 times higher than in plasma, respectively, indicating strong metabolic capacity. For comparison, the 
AUC in the brain was only 9.78% of that in plasma.

Time (min) C3G (pmol/g) PN3G (pmol/g) PT3G (pmol/g) isoPN3G (pmol/g)

Liver

0.25 56.61 ±  11.79 539.38 ±  71.33 1.23 ±  0.59# 13.86 ±  4.32

2 19.22 ±  1.99 317.61 ±  35.86 2.42 ±  0.08 6.19 ±  2.09

5 20.91 ±  2.61 364.74 ±  44.85 1.09 ±  0.52# 15.85 ±  1.82

15 11.02 ±  2.24 216.10 ±  36.06 1.60 ±  0.44# 1.39 ±  1.14

20 5.54 ±  0.33 100.84 ±  6.33 3.06 ±  0.19 0.64 ±  0.25#

AUC0-t (pmol/g min) 345.29 5610.12 33.85 145.57

Half-life (min) 8.15 9.99 nsd 3.18

MTTL (min) 1.43 3.93 nsd N/A

Kidneys

Time (min) C3G (nmol/g) PN3G (nmol/g) PT3G (pmol/g)

0.25 1.69 ±  0.47 1.99 ±  0.55 2.04 ±  0.59#

2 1.40 ±  0.16 1.56 ±  0.18 2.82 ±  0.28

5 0.58 ±  0.08 0.85 ±  0.08 2.40 ±  0.13

15 0.57 ±  0.17 0.89 ±  0.22 2.29 ±  0.07

20 0.44 ±  0.04 0.90 ±  0.14 2.53 ±  0.26

AUC0-t (nmol/g min) 14.32 20.36 48.13*

Half-life (min) 11.66 20.80 135.08

MTTK (min) 8.54 23.11 187.44

Brain

Time (min) C3G (pmol/g) PN3G (pmol/g) PT3G (pmol/g)

0.25 40.46 ±  9.67 nd nd

2 7.48 ±  0.79 2.07 ±  1.18 1.15 ±  0.62#

5 7.05 ±  0.55 0.70 ±  0.30# 1.01 ±  0.46#

15 2.18 ±  0.58 0.40 ±  0.38# 2.45 ±  0.22

20 2.21 ±  0.44 0.37 ±  0.13# 1.90 ±  0.60#

AUC0-t (pmol/g min) 119.89 17.10 32.42

Half-life (min) 8.80 15.57 nsd

MTTB (min) 0.43 8.61 nsd

Table 2. Mean concentrations of C3G and its derivatives in liver, kidneys and brain of Wistar rats following 
intravenous administration of 668 nmol of C3G. Concentrations are expressed as mean ±  SEM (n =  4). 
*pmol g–1 min–1; N/A Not applicable; nd, not detected. #value below LOQ; nsd data not sufficient to estimate the 
terminal slope; AUC0-inf, Area under curve; MTTB, Mean Transit Time in the brain; MTTK, Mean Transit time 
in kidneys; MTTL, Mean Transit Time in the liver.

Time 
(min)

C3G  
(nmol/g)

PN3G 
(nmol/g)

PT3G 
(pmol/g)

D3G  
(nmol/g)

M3G  
(pmol/g)

PG3G  
(pmol/g)

TOT  
(nmol/g)

0.25 0.02 ±  0.01 0.01 ±  0.00 4.58 ±  2.84 0.02 ±  0.01 28.35 ±  17.87 1.57 ±  0.40 0.09 ±  0.05

2 2.69 ±  0.82 1.48 ±  0.41 3.30 ±  1.59 0.03 ±  0.00 9.57 ±  4.52 7.92 ±  2.59 4.23 ±  1.24

5 20.20 ±  2.61 6.54 ±  0.33 nd 0.05 ±  0.01 5.15 ±  1.88 47.09 ±  4.16 26.84 ±  2.96

15 11.95 ±  6.53 5.67 ±  2.24 nd 0.02 ±  0.01 3.17 ±  1.64 33.22 ±  16.09 17.68 ±  8.81

20 5.66 ±  1.31 5.16 ±  1.11 nd 0.03 ±  0.01 nd 20.98 ±  5.61 10.87 ±  2.44

Table 3.  Urine concentrations of C3G and its derivatives in Wistar rats following intravenous 
administration of 668 nmol of C3G. nd, Not detected.
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The presence of PN3G in the sampled tissues (MTTl, 3.93 min; MTTk, 23.11 min; MTTb, 8.61 min) was signif-
icantly longer than C3G.

Urinary excretion. Urine concentrations of C3G and methylated derivatives in Wistar rats following intra-
venous administration of C3G were determined over a period of 0–20 minutes. Urine concentration-time data 
are listed in Table 3. We detected the urinary excretion after 2 min, which represents the time needed for C3G 

Figure 2. (A) Two-compartment model fitting to the C3G plasma concentration-time profile in Wistar rats 
following intravenous administration of 668 nmol of C3G. ○ Observed; —Predicted. (R2 =  0.9992; WSS =  0.14; 
AIC =  − 1.93; SC =  − 3.49). Concentrations are expressed as mean ±  SEM (n =  4). (B) Concentrations-time 
courses of C3G in selected tissues: ○ Plasma (μM); ∇  Kidneys,  Liver, ♦  Brain (nmol/g).

Non-compartmental analysis Two-compartment model analysis

Parameter Value Parameter Value Parameter Value

λ z (min−1) 0.10 a (nM) 442.79 b (nM) 107.68

Tmax (min) 0.25 α  min–1 2.29 β  min–1 0.09

Cmax (nM) 354.84

C0 (nM) 429.12 k10 min–1 0.41 Cld (L/min) 1.76

AUC0-inf (nM*min) 1352.14 k12 min–1 1.45 CL (L/min) 0.49

AUMC (nM*min2) 11789.96 k21 min–1 0.52 AUC0-inf (nM*min) 1334.49

MRT (min) 8.72 t1/2d (min) 0.30 AUMC (nM*min2) 12394.67

Vz (L) 4.92 t1/2e (min) 7.41 MRT (min) 9.22

CL (L/min) 0.49 C0 (nM) 550.47 MRTC (min) 2.44

t1/2 (min) 6.90 V1 (L) 1.21 MRTP (min) 6.78

Vss (L) 4.31 V2 (L) 3.36 MTT (min) 0.54

Vss (L) 4.58 MTTp (min) 1.91

FAUC 2.77 IC 3.55

Table 4.  Pharmacokinetic parameters of intravenous administration of 668 nmol of C3G in Wistar rats.  
a, T0 intercept of distribution kinetics; α , Exponent of the polyexponential equation (slope factor); AUC0-inf,  
Area under curve out to infinity; AUMC, Area Under the first Moment Curve from time 0 to infinity; β , 
Exponent of the polyexponential equation (slope factor); b, T0 intercept of elimination phase; C0, back-
extrapolated drug concentration following rapid bolus iv administration; CLd, Distribution clearance; CL, 
Total body clearance; Cmax, Maximum observed concentration; IC, number of circulations; k10, rate constant for 
elimination of drug from central compartment to outside body; k12, rate constant for distribution of drug from 
central compartment to peripheral compartment; k21, rate constant for redistribution of drug from peripheral 
to central compartment; MRT, Mean residence time; MRTC, Mean residence time in the central compartment; 
MRTP , Mean residence time in the peripheral space; MTT, Mean transit time; MTTp, Mean Transit Time in the 
peripheral space; tmax, Time of occurrence of Cmax; t1/2, Terminal elimination half-life; t1/2d, Distribution half-
life; t1/2e, Elimination half-life; V1,Volume of central compartment; V2, Volume of peripheral compartment; 
FAUC, AUC peripheral bioavailability; Vss, Volume of distribution at steady state; λ z, First order terminal 
elimination rate constant.
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to undergo uptake, metabolism and excretion in the kidneys. Rat urine showed relatively high amounts of C3G 
and PN3G. Other anthocyanins were found, though in trace amounts. Moreover, 15% of the injected dose was 
recovered in 5 min after the injection.

Significance of C3G in the brain. At 15 sec after the intravenous administration, the C3G levels reached 
in the brain were 2.41–44.11 pmol/g. Assuming that it is free to diffuse in a water compartment, this value would 
correspond to approximately 50 nM, a value at which C3G could interact with molecular targets and elicit bio-
logical responses. Shortly after, plasma C3G levels rapidly declined, probably due to the rapid disposition of the 
injected bolus. However, under conditions that simulate the normal peroral consumption, absorption from the 
gastro-intestinal compartment lasts longer, so it can be speculated that plasma C3G concentration remains ele-
vated for a longer time, as previously shown9.

Importantly, the parallel decline of C3G concentrations in the brain and those measured in plasma, as well 
as the MTTB (0.43 min), also suggests no important retention of the compound in the brain tissue. Such an 
extensive distribution of C3G, also involving the brain, despite the unfavourable chemical properties of the mol-
ecule (hydrophilic molecule) in terms of cell membrane passage, is probably mediated by one or more specific 
transport mechanisms. Indeed, C3G has been shown to pass the endothelial cell membrane in a short time frame 
(< 1 min)38.

As a result, the levels of C3G in the brain linearly correlated with the plasma values, thus providing a measure 
of the capacity to maintain brain C3G in equilibrium with C3G in the circulation. Furthermore, our data suggest 
a relatively low inter-individual variability of the blood-brain barrier permeability with respect to C3G under the 
chosen experimental conditions. Therefore, it can be suggested that the plasma C3G concentrations are a good 
indicator of the C3G levels in the brain. This implies that further pharmacokinetic studies might be designed 
accordingly, e.g. by increasing the number of blood samples taken from a single animal, following C3G adminis-
tration. In the case of oral administration, notably entailing large inter-individual variability of C3G levels in the 
circulation, any inter-individual variability in plasma levels of C3G should be accompanied by a corresponding 
variability in C3G brain levels.

To demonstrate the intactness of the blood-brain barrier under the chosen experimental conditions, we 
showed that the anthocyanin’s profile in the brain (with AUC C3G >  PT3G >  PN3G, Table 2) was clearly differ-
ent from that observed in plasma (with AUC C3G >  M3G >  PN3G >  PG3G, Table 1). Indeed, the brain was the 
only organ in which no substantial metabolism was detected, and a linear correlation between plasma and brain 
C3G levels was observed (Fig. 5) over a physiologically relevant range of C3G plasma concentrations (18.78–
354.84 nM). No correlation could be observed with the other metabolites, once more suggesting the selectivity of 
the blood-brain barrier.

Conclusion
Our study provides long-needed quantitative data about C3G distribution in rat biofluids and organs, including 
the brain. Moreover, the obtained results are now available for designing and interpreting the intervention trials 
in animals and humans, which are aiming at establishing the link between intake of anthocyanin-rich food or 
supplements and the protection against age-related cognitive dysfunctions.

Methods
Chemicals and reagents. All the chromatographic solvents were HPLC grade or LC-MS grade for the 
MS experiments. Acetonitrile, acetone, methanol and formic acid were purchased from Sigma Aldrich (Milan, 

Figure 3. Scheme of a two-compartment, mammillary, open model for C3G disposition after IV 
administration. See text for details.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:22815 | DOI: 10.1038/srep22815

Italy). Isotopically labelled compounds, rosmarinic acid-d7 and cinnamic acid-d5, were purchased from C/D/N 
Isotopes Inc. (Quebec, Canada). Pure anthocyanins were obtained from Polyphenol Laboratories AS (Sandnes, 

Figure 4. Time-course of C3G and its methylated derivatives in selected tissues. (A) Brain; (B). Kidneys; (C) 
Liver. ●  Total; ○ C3G;  PN3G; Δ PT3G; ∇  isoPN3G.
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Norway) and Heparin from Schwarz Pharma (Milan, Italy). All chemicals were used without further purification. 
Ultra pure Milli-Q water (Merck Millipore, Billerica, MA, USA) was used for the preparation of all solutions. 
Phosphate buffered saline (PBS) was prepared as following: 6.03 mM Na2HPO4, 3.91 mM NaH2PO4 and 139 mM 
NaCl (Carlo Erba, Milan, Italy) were dissolved in MilliQ water (Millipore) and pH was adjusted to 7.4 with HCl.

Study design and protocol. The experiment was designed as a one-component pharmacokinetic study 
with quantitative analysis of the target metabolites in selected organs (liver, kidney and brain) and biofluids 
(plasma and urine). The principal aim of this study was to characterize the presence of C3G in the anaesthetized 
rat brain. The three main questions posed were: i) is there any relationship between [C3G] in the blood and in the 
brain? ii) what is the time needed for C3G to distribute in the brain? iii) for how long is biologically meaningful 
C3G concentration maintained in the brain?

Twenty-two male Wistar rats (Rattus Norvegicus, Harlan Italy S.r.l.), of same age (15 weeks), 293–390 g of body 
weight, were used. The rats were randomly divided into 5 groups, according to the time that elapsed after intra-
venous administration of the test compound, and one control group. Each time point was represented by four 
biological replicates. All animals were allowed to acclimate to the animal facility of the University of Trieste for 
at least 2 week before studies were initiated. The experimental design was vetted and approved by the bioethical 
committee of the University of Trieste (internal code 140PAS14), according to the provisions of the European 
Community Council Directive 2010/63/EU39. The methods were carried out in accordance with the approved 
guidelines. The animals (n =  22) were maintained in cages in a room at 23 ±  2 °C, 50–60% humidity with a 
12-hour light-dark cycle. The night before the experiment, food was withdrawn from the cages but water was 
given ad libitum. On the day of the experiment, the rats were anesthetized with intra-peritoneal administration 
of tiletamine/zolazepam (1:1, 25 mg/kg body weight) and xylazine (10 mg/kg body weight). During anaesthesia 
(10 min in all cases), the heart and ventilation rate were monitored. The rats were placed on their backs, with the 
ventral side up and with the legs spread separately on a thermo-isolated support. The penis was extruded by slid-
ing the prepuce downwards. The dorsal penis vein was then seen along both sides of the penis and exactly 10 min 
after anaesthesia 0.2 mL PBS without (control group) or with (treated group) 668 nmol cyanidin 3-glucoside 
(C3G) in PBS was injected using a 24-G hypodermic needle. Then the injection site was pressed with a swab for 
a few seconds, and the glans was encouraged to retract to prevent further bleeding40. One min before sacrific-
ing the rats, sodium heparin (0.1 ml, 500 IU) was injected again into the dorsal penis vein, exposed in the same 
way. Exactly 10 min after anaesthesia and at the corresponding time point after I.V. administration (0.25, 5, 10, 
15, 20 min), the rats were sacrificed by decapitation. Blood draining and excision of the organs were carried out 
according to the literature20. In detail, blood was collected from the neck of rats hold upside down, immediately 
after their decapitation, which happened at the time points sharp. Exsanguination took 5 seconds; laparotomy and 
excision of the liver and the kidneys took 5 more seconds. The post-decapitation procedures were standardised. 
Urine was collected through the urinary bladder with a syringe before decapitation. Kidneys, liver and brain were 
washed with mQ water, immediately frozen in liquid nitrogen and stored at − 80 °C.

Organ collection and extract preparation. Immediately after sampling, 5 mL of blood were transferred 
into ice-cold (− 20 °C), deoxygenated aqueous 95% methanol in a ratio 1:9 (v/v). The urine was weighted and 
transferred into ice-cold, deoxygenated aqueous 95% methanol at a ratio of 1:9 (w/v). Frozen kidneys, liver and 

Figure 5. Positive linear correlation (R2, 0.9427) between plasma and brain C3G concentrations in 
individual rats. 
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brain were grounded under cryogenic conditions (− 196 °C) to 5 μm particles in a CryoMill (Retsch, Germany), 
using a single 25 mm i. d. steel ball (30 seconds, 25/sec frequency). The pulverized tissue was rapidly transferred 
(without thawing) into ice-cold, deoxygenated aqueous 95% methanol at a ratio of 1:9 (w/v). Cinnamic acid-d5, 
as internal standard, was dissolved in the aqueous methanol at concentration of 0.1 mg/L for the monitoring of 
the extraction protocol in biofluids and tissues.

All samples were extracted with an orbital shaker for 10 min at room temperature. The methanol extracts were 
then centrifuged for 5 min at 3600 rpm at 4 °C, decanted under a stream of nitrogen in 50 mL dark glass vessels 
and stored at − 80 °C. Clean-up of extracted samples in methanol was performed by solid phase extraction (SPE), 
as previously described9. Briefly, 5 mL of extracted samples were evaporated on a rotary evaporator and recon-
stituted in 10 mL of acidified water. Anthocyanins were extracted by solid-phase adsorption onto a hydrophobic 
matrix (Sep-Pak C18, 0.35 g, Waters, Milford, MA). Anthocyanins were eluted with methanol, evaporated to dry-
ness and immediately dissolved with 500 μL of methanol:water (50:50). Rosmarinic acid-d7, as internal standard 
at 1 mg/L, was added in the aqueous methanol for allowing the adjustment of quantitative recovery after sample 
reconstitution. Samples were filtered through a 0.22 μm PVDF filter (Millipore, Bedford, MA) into HPLC vials for 
the subsequent quantitative analysis.

Quantitative analysis. C3G and its derivatives were quantitatively analysed by an ultra performance 
LC (UPLC) system coupled to a triple quadrupole (TQ) mass spectrometer (see Supplementary information). 
The UPLC-MS/MS method was chosen to take advantage of the selectivity and sensitivity combined to wide 
dynamic range of MRM detection in tandem spectrometry, thus allowing the simultaneous quantitation of the 
main expected metabolites throughout the experiment. A Waters Acquity UPLC (Waters, Manchester, UK) con-
trolled by MassLynx 4.1 was used. Separation of the target metabolites and 2 deuterated internal standards was 
performed on a reversed phase (RP) ACQUITY UPLC 1.8 μm 2.1 ×  100 mm HSS T3 column (Waters) protected 
with an Acquity UPLC HSS T3 1.8 μm, 2.1 ×  5 mm precolumn (Waters), at 40 °C and under a mobile phase flow 
rate of 0.28 mL/min. Mobile phases of 0.1% formic acid in Milli-Q water (A) and 0.1% formic acid in acetonitrile 
(B) were used. Chromatographic separation was performed using a multistep linear gradient as follows: 0 min, 
5% B; 0–3 min, 5–20% B; 3–4.30 min; 20% B; 4.30–9 min, 20–45% B, 9–11 min, 45–100% B, 11–14 min, 100%; and 
14.01–17 min, 5% as equilibration time. Injection volume was 2 μL, and the samples were kept at 4 °C throughout 
the analysis.

The TQ mass spectrometer used was a Waters Xevo TQ (Milford, Massachusetts, USA) coupled with an elec-
trospray interface. Quantification and confirmation of the anthocyanins were performed using two MRM (mul-
tiple reaction monitoring) transition for each compound, using the conditions previously reported20. The first 
transition, corresponding to the most abundant fragment, was used as quantifier ion, and the second as qualifier 
ion. For calibration, standard anthocyanins were serially diluted in aqueous methanol (50:50), in a concentra-
tion range 0.01 μg/L–100 mg/L. The range of calibration curves was obtained on the basis of the linearity of the 
responses. Acceptable linearity was achieved when the coefficient of calibration curves (R2) was at least 0.99. The 
experimental limit of quantitation (LOQ) in standard solution was at 0.5 ng/mL for C3G, PN3G, M3G and PG3G, 
and slightly higher for D3G (2 ng/mL) and PT3G (1 ng/mL). Quantitative data were processed with Targetlynx 
software (Masslynx, Waters). C3G and its derivatives were quantified with the appropriated standard reference 
with the exception of isoPN3G, expressed as equivalent of PN3G. Details of the UPLC-MS/MS method and 
quantification are described in28.

Recovery and residual blood correction. According to the published method20, the amounts in each 
matrix were calculated by taking into consideration the appropriate recovery, and by assuming that rat plasma 
volume is 33.75 μL/g of rat weight35. The correction for the residual blood in the brain was performed as proposed 
in41, by subtracting the estimated amount of C3G, PNG and PT3G in the effective plasma space.

Pharmacokinetics analysis. Pharmacokinetic parameters of I.V. administration of C3G in rats were deter-
mined from the mean (n =  4) plasma concentration–time data by both non-compartmental and compartmental 
analysis as implemented in PK-Solver (version 2.0)42. All pharmacokinetic data were expressed as mean ±  SEM. 
The statistical and graphical analyses were accomplished using the software package Prism version 6.0 (GraphPad 
Software Inc., San Diego, Calif., USA). The statistical significance level was set at p <  0.05.

Non-compartmental analysis (NCA). For NCA, the area under the concentration-time (AUC) curve was cal-
culated using log/linear trapezoidal method from time 0 to the last sampling point 20 min after administration. 
The PK parameters determined were the concentration at time 0 (C0), the terminal elimination rate constant (λ z), 
the terminal elimination half-life (t1/2), the apparent volume of distribution at terminal phase (Vz), the relative 
volume of distribution at steady state (Vss), and the total body clearance (CL). The mean time (MT) parameters 
dealing with the tissue distribution of C3G were calculated from the moments of the concentration-time curve in 
plasma and specific target tissues, as described43. Briefly, Mean residence time (MRT) is the time that a molecule 
stays in the body, excluding the gastrointestinal tract. MRT was calculated as the ratio of the area under the first 
moment concentration time curve (AUMC) divided by the area under the zero moment curve (AUC). The termi-
nal elimination half-life (t1/2) and AUC respective to C3G derivatives were also calculated to determine exposure 
to any derivatives compared with the parent compound. Maximum plasma concentrations (CMAX), and their 
times of maximal occurrence (TMAX) were taken directly from the observed data.

Two-Compartment Model Analysis (TCMA). Mean concentrations of C3G in plasma versus time were further 
analysed by a two-compartment, mammillary open, IV bolus model, with first order elimination. Data for model 
fitting were iteratively reweighted by modulating the reciprocal of the squared predicted concentrations (1/C2

pre). 
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The goodness-of-fit was assessed by visual inspection of the residual plots, parameter estimation precision, corre-
lation (R2) between the observed and predicted concentration values, weighted sum of squared residuals (WSS), 
Akaike’s information criterion (AIC), and Schwarz criteria (SC). The lower the WSS, AIC, and SC, the more 
appropriate is the selected model (Fig. 2). In addition, the information contained in the plasma concentration 
versus time profile were used to quantify the rate and the extent of the peripheral bioavailability, in terms of mean 
times spent in the different compartments (MRTcentral and MRTperipheral), number of visits (Ic) in these compart-
ments and mean duration of one visit (MTTC)44.

References
1. Wu, X., Beecher, G. R., Holden, J. M., Haytowitz, D. B. & Gebhardt, S. E. Concentrations of anthocyanins in common foods in the 

United States and estimation of normal consumption. J Agric Food Chem 54, 4069–4075 (2006).
2. Tarozzi, A. et al. Neuroprotective effects of cyanidin 3-O-glucopyranoside on amyloid beta (25-35) oligomer-induced toxicity. 

Neurosci Lett 473, 72–76, doi: 10.1016/j.neulet.2010.02.006 (2010).
3. Im, S. E. et al. Anthocyanins in the ripe fruits of Rubus coreanus Miquel and their protective effect on neuronal PC-12 cells. Food 

Chem 139, 604–610, doi: 10.1016/j.foodchem.2012.12.057 (2013).
4. Shih, P. H., Chan, Y. C., Liao, J. W., Wang, M. F. & Yen, G. C. Antioxidant and cognitive promotion effects of anthocyanin-rich 

mulberry (Morus atropurpurea L.) on senescence-accelerated mice and prevention of Alzheimer’s disease. J Nutr Biochem 21, 
598–605, doi: 10.1016/j.jnutbio.2009.03.008 (2010).

5. Kang, T. H., Hur, J. Y., Kim, H. B., Ryu, J. H. & Kim, S. Y. Neuroprotective effects of the cyanidin-3-O-beta-d-glucopyranoside 
isolated from mulberry fruit against cerebral ischemia. Neurosci Lett 391, 122–126 (2006).

6. Di Giacomo, C. et al. Effect of Treatment with Cyanidin-3-O-beta-D-Glucoside on Rat Ischemic/Reperfusion Brain Damage. Evid 
Based Complement Alternat Med 2012, 285750, doi: 10.1155/2012/285750 (2012).

7. Gao, X., Cassidy, A., Schwarzschild, M. A., Rimm, E. B. & Ascherio, A. Habitual intake of dietary flavonoids and risk of Parkinson 
disease. Neurology 78, 1138–1145, doi: 10.1212/WNL.0b013e31824f7fc4 (2012).

8. Krikorian, R. et al. Concord grape juice supplementation and neurocognitive function in human aging. J Agric Food Chem 60, 
5736–5742, doi: 10.1021/jf300277g (2012).

9. Passamonti, S., Vrhovsek, U., Vanzo, A. & Mattivi, F. The stomach as a site for anthocyanins absorption from food. FEBS Lett 544, 
210–213 (2003).

10. Cai, H. et al. Determination of anthocyanins in the urine of patients with colorectal liver metastases after administration of bilberry 
extract. Biomed Chromatogr 25, 660–663, doi: 10.1002/bmc.1499 (2011).

11. Talavera, S. et al. Anthocyanins are efficiently absorbed from the small intestine in rats. J Nutr 134, 2275–2279 (2004).
12. Kay, C. D., Mazza, G. J. & Holub, B. J. Anthocyanins exist in the circulation primarily as metabolites in adult men. J Nutr 135, 

2582–2588, doi: 135/11/2582 (2005).
13. Fernandes, I., Faria, A., Calhau, C., de Freitas, V. & Mateus, N. Bioavailability of anthocyanins and derivatives. J Funct Foods 7, 

54–66, doi: 10.1016/j.jff.2013.05.010 (2014).
14. de Ferrars, R. M. et al. The pharmacokinetics of anthocyanins and their metabolites in humans. Br J Pharmacol 171, 3268–3282, doi: 

10.1111/bph.12676 (2014).
15. Czank, C. et al. Human metabolism and elimination of the anthocyanin, cyanidin-3-glucoside: a (13)C-tracer study. Am J Clin Nutr 

97, 995–1003, doi: 10.3945/ajcn.112.049247 (2013).
16. Wu, X., Pittman, H. E. 3rd, McKay, S. & Prior, R. L. Aglycones and sugar moieties alter anthocyanin absorption and metabolism after 

berry consumption in weanling pigs. J Nutr 135, 2417–2424 (2005).
17. Felgines, C. et al. Absorption and metabolism of red orange juice anthocyanins in rats. Br J Nutr 95, 898–904 (2006).
18. El Mohsen, M. A. et al. Absorption, tissue distribution and excretion of pelargonidin and its metabolites following oral 

administration to rats. Br J Nutr 95, 51, doi: 10.1079/BJN20051596 (2007).
19. Aqil, F. et al. Detection of anthocyanins/anthocyanidins in animal tissues. J Agric Food Chem 62, 3912–3918, doi: 10.1021/jf500467b 

(2014).
20. Vanzo, A., Vrhovsek, U., Tramer, F., Mattivi, F. & Passamonti, S. Exceptionally fast uptake and metabolism of cyanidin 3-glucoside 

by rat kidneys and liver. J Nat Prod 74, 1049–1054, doi: 10.1021/np100948a (2011).
21. Talavera, S. et al. Anthocyanin metabolism in rats and their distribution to digestive area, kidney, and brain. J Agric Food Chem 53, 

3902–3908 (2005).
22. Kalt, W. et al. Identification of anthocyanins in the liver, eye, and brain of blueberry-fed pigs. J Agric Food Chem 56, 705–712, doi: 

10.1021/jf071998l (2008).
23. Andres-Lacueva, C. et al. Anthocyanins in aged blueberry-fed rats are found centrally and may enhance memory. Nutr Neurosci 8, 

111–120 (2005).
24. Passamonti, S., Vrhovsek, U., Vanzo, A. & Mattivi, F. Fast access of some grape pigments to the brain. J Agric Food Chem 53, 

7029–7034, doi: 10.1021/jf050565k (2005).
25. Ali Shah, S., Ullah, I., Lee, H. Y. & Kim, M. O. Anthocyanins protect against ethanol-induced neuronal apoptosis via GABAB1 

receptors intracellular signaling in prenatal rat hippocampal neurons. Mol Neurobiol 48, 257–269, doi: 10.1007/s12035-013-8458-y 
(2013).

26. Milbury, P. E. & Kalt, W. Xenobiotic Metabolism and Berry Flavonoid Transport across the Blood− Brain Barrier. J Agric Food Chem 
58, 3950–3956, doi: 10.1021/jf903529m (2010).

27. Faria, A. et al. Flavonoid transport across RBE4 cells: A blood-brain barrier model. Cell Mol Biol Lett 15, 234–241, doi: 10.2478/
s11658-010-0006-4 (2010).

28. Gasperotti, M. et al. Fate of Microbial Metabolites of Dietary Polyphenols in Rats: Is the Brain Their Target Destination? ACS chem 
Neurosci 6, 1341–1352, doi: 10.1021/acschemneuro.5b00051 (2015).

29. Krasieva, T. B., Ehren, J., O’Sullivan, T., Tromberg, B. J. & Maher, P. Cell and brain tissue imaging of the flavonoid fisetin using label-
free two-photon microscopy. Neurochem Int 89, 243–248, doi: 10.1016/j.neuint.2015.08.003 (2015).

30. Ichiyanagi, T. et al. Metabolic pathway of cyanidin 3-O-beta-D-glucopyranoside in rats. J Agric Food Chem 53, 145–150 (2005).
31. Vanzo, A. et al. Metabonomic investigation of rat tissues following intravenous administration of cyanidin 3-glucoside at a 

physiologically relevant dose. Metabolomics 9, 88–100, doi: 10.1007/s11306-012-0430-8 (2012).
32. Marczylo, T. H., Cooke, D., Brown, K., Steward, W. P. & Gescher, A. J. Pharmacokinetics and metabolism of the putative cancer 

chemopreventive agent cyanidin-3-glucoside in mice. Cancer Chemother Pharmacol 64, 1261–1268, doi: 10.1007/s00280-009-0996-7  
(2009).

33. Fleschhut, J., Kratzer, F., Rechkemmer, G. & Kulling, S. E. Stability and biotransformation of various dietary anthocyanins in vitro. 
Eur J Nutr 45, 7–18, doi: 10.1007/S00394-005-0557-8 (2006).

34. Benet, L. Z. & Massoud, N. In Pharmacokinetic basis for drug treatment xiii, 466 p. (Raven Press, 1984).
35. Brown, R. P., Delp, M. D., Lindstedt, S. L., Rhomberg, L. R. & Beliles, R. P. Physiological parameter values for physiologically based 

pharmacokinetic models. Toxicol Ind Health 13, 407–484 (1997).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:22815 | DOI: 10.1038/srep22815

36. McNamara, P. J., Fleishaker, J. C. & Hayden, T. L. Mean residence time in peripheral tissue. J Pharmacokinet Biopharm 15, 439–450 
(1987).

37. Pojer, E., Mattivi, F., Johnson, D. & Stockley, C. S. The Case for Anthocyanin Consumption to Promote Human Health: A Review. 
CRFSFS 12, 483–508, doi: 10.1111/1541-4337.12024 (2013).

38. Ziberna, L. et al. Transport and bioactivity of cyanidin 3-glucoside into the vascular endothelium. Free Radic Biol Med 52, 
1750–1759, doi: 10.1016/j.freeradbiomed.2012.02.027 (2012).

39. Hartung, T. Comparative analysis of the revised Directive 2010/63/EU for the protection of laboratory animals with its predecessor 
86/609/EEC-a t4 report. ALTEX 27, 285–303 (2010).

40. Waynforth, H. B. & Flecknell, P. A. In Experimental and surgical technique in the rat Ch. 1, 8–42 (Academic Press, 1992).
41. Fridén, M., Ljungqvist, H., Middleton, B., Bredberg, U. & Hammarlund-Udenaes, M. Improved measurement of drug exposure in 

the brain using drug-specific correction for residual blood. J Cereb Blood Flow Metab 30, 150–161, doi: 10.1038/jcbfm.2009.200 
(2010).

42. Zhang, Y., Huo, M., Zhou, J. & Xie, S. PKSolver: An add-in program for pharmacokinetic and pharmacodynamic data analysis in 
Microsoft Excel. Computer methods and programs in biomedicine 99, 306–314, doi: 10.1016/j.cmpb.2010.01.007 (2010).

43. Veng-Pedersen, P. Mean time parameters dealing with the tissue distribution of drugs: limitations and extensions. J Pharm Sci 78, 
264–266 (1989).

44. Kong, A. N. & Jusko, W. J. Definitions and applications of mean transit and residence times in reference to the two-compartment 
mammillary plasma clearance model. J Pharm Sci 77, 157–165 (1988).

Acknowledgements
We are grateful to Domenico Masuero (FEM) for excellent technical support to the metabolomics analyses, and 
to Prof Joe Vinson (University of Scranton, Scranton, Pennsylvania, USA) for valuable suggestions that help us 
improve the manuscript. This work was supported by the European Regional Development Fund, Cross-Border 
Cooperation Programme Italy-Slovenia 2007–2013 (TRANS2CARE and AGROTUR projects granted to S.P.) and 
from the Autonomous Province of Trento, ADP 2014.

Author Contributions
S.P. and F.M. conceived and designed the experiments. S.P., S.F., M.G. and F.T. conducted the experiments. U.V. 
and M.G. conducted chemical analysis of the samples, and data generation. M.G. and S.F. analysed the data. S.F., 
L.Z. and S.P. co-wrote the paper. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Fornasaro, S. et al. Determination of cyanidin 3-glucoside in rat brain, liver and 
kidneys by UPLC/MS-MS and its application to a short-term pharmacokinetic study. Sci. Rep. 6, 22815; doi: 
10.1038/srep22815 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Determination of cyanidin 3-glucoside in rat brain, liver and kidneys by UPLC/MS-MS and its application to a short-term pha ...
	Results and Discussion
	Plasma Pharmacokinetics of C3G. 
	Peripheral Bioavailability. 
	Tissue pharmacokinetics of C3G and its metabolites. 
	Urinary excretion. 
	Significance of C3G in the brain. 

	Conclusion
	Methods
	Chemicals and reagents. 
	Study design and protocol. 
	Organ collection and extract preparation. 
	Quantitative analysis. 
	Recovery and residual blood correction. 
	Pharmacokinetics analysis. 
	Non-compartmental analysis (NCA). 
	Two-Compartment Model Analysis (TCMA). 


	Acknowledgements
	Author Contributions
	Figure 1.  Molecular structures of the analytes.
	Figure 2.  (A) Two-compartment model fitting to the C3G plasma concentration-time profile in Wistar rats following intravenous administration of 668 nmol of C3G.
	Figure 3.  Scheme of a two-compartment, mammillary, open model for C3G disposition after IV administration.
	Figure 4.  Time-course of C3G and its methylated derivatives in selected tissues.
	Figure 5.  Positive linear correlation (R2, 0.
	Table 1.   Mean plasma concentrations (nM) of C3G and its derivatives in Wistar rats following intravenous administration of 668 nmol of C3G.
	Table 2.  Mean concentrations of C3G and its derivatives in liver, kidneys and brain of Wistar rats following intravenous administration of 668 nmol of C3G.
	Table 3.   Urine concentrations of C3G and its derivatives in Wistar rats following intravenous administration of 668 nmol of C3G.
	Table 4.   Pharmacokinetic parameters of intravenous administration of 668 nmol of C3G in Wistar rats.



 
    
       
          application/pdf
          
             
                Determination of cyanidin 3-glucoside in rat brain, liver and kidneys by UPLC/MS-MS and its application to a short-term pharmacokinetic study
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22815
            
         
          
             
                Stefano Fornasaro
                Lovro Ziberna
                Mattia Gasperotti
                Federica Tramer
                Urška Vrhovšek
                Fulvio Mattivi
                Sabina Passamonti
            
         
          doi:10.1038/srep22815
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22815
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22815
            
         
      
       
          
          
          
             
                doi:10.1038/srep22815
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22815
            
         
          
          
      
       
       
          True
      
   




