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Abstract

We previously found increases in uncoupling protein (Ucp)-1 transcription in brown adipose

tissue (BAT) of mice following a single oral dose of flavan 3-ols (FL), a fraction of catechins and

procyanidins. It was confirmed that these changes were totally reduced by co-treatment of

adrenaline blockers. According to these previous results, FL possibly activates sympathetic

nervous system (SNS). In this study, we confirmed the marked increase in urinary catecholamine

(CA) s projecting SNS activity following a single dose of 50 mg/kg FL. In addition, we examined

the impact of the repeated administration of 50 mg/kg FL for 14 days on adipose tissues in mice.

In BAT, FL tended to increase the level of Ucp-1 along with thermogenic transcriptome factors,

such as peroxisome proliferator-activated receptor y coactivator (PGC)-/a and PR domain-

containing (PRDM) 1. Transcription of browning markers, such as CD/37 and transmembrane

protein (TMEM) 26 in addition to PGC-1a were increased in epididymal adipose (eWAT) by FL.

A multilocular morphology with cell size reduction was shown in the inguinal adipose (iWAT),

together with increasing the level of Ucp-1 following administration of FL. These results suggest

that FL produces browning in adipose through activation of the SNS.
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1. Introduction

Flavan-3-ols (FL), as a mixture of catechins and B-type oligomer procyanidins (Figurelb and c),

are enriched in cocoa -2, apple 34, grape seeds, > ¢ and red wine 78 . The ingestion of FL-rich

foods could have a significant potential for managing cardiovascular health ', Many

intervention studies have suggested that the intake of FL results in beneficial alterations in the

metabolism such as a significant decrease in plasma LDL with an increase in HDL'> 13 and rise in

glucose tolerance 416,

A part of the catechins are absorbed in the gastrointestinal tract and, subsequently, are

metabolized in intestinal epithelial cells or the liver. Therefore, unchanged forms of them are

nearly absent in blood or tissues 7. In addition, B-type oligomer procyanidins are rarely absorbed

from the gut into the blood '32°. Almost all oligomers ingested from foods move into the colon,

and a part of them are degraded by the microbiome. It has been reported that the gut microbiome

and metabolites are altered by repeated ingestion of FL, and these changes suggest its possible

contribution to improvements in metabolism 2!, In addition, acute metabolic changes, such as

improvements in glucose and insulin tolerance, were shown to follow after a single intake of FL-

rich food 2% 27, These previous results point out the necessity of discussions from both the acute

and chronic sides of the physiological alterations induced by FL ingestion.

In general, catecholamine (CA)s, which are secreted from the end of the sympathetic nerve or

adrenal medulla to the effector tissues or blood following SNS hyperactivation, are known to
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induce a large metabolic alteration through the activation of adrenaline receptors 28. SN'S

activation, following cold stress or treatment of adrenaline agonists, induces to enhance non-

shivering thermogenesis through the activation of mitochondrial uncoupling protein (Ucp)-1 in

BAT, has also been well investigated %°.

We previously found that a significant increase in energy expenditure along with UCP-/ mRNA

expression in BAT was observed a few hours after a single oral dose of FL in mice *°. In addition,

we also confirmed that these changes were completely reduced by co-treatment with FL and 3

adrenaline blockers. 3!. The B3 adrenaline receptor is specifically expressed in BAT and causes

thermogenesis. Therefore, our previous results in these metabolic changes suggest that FL

possibly activates SNS.

Recently, it was reported that the activation of SNS induces browning of white adipose tissue

(WAT) such as the conversion of WAT into beige adipocytes or promotion of differentiation from

mesenchymal stem cells to beige fat 32. Brown-like adipocytes (beige adipocyte), characterized a

multilocular morphology and the expression of Ucp-1, was found in WAT after SNS activation

following cold exposure 3. In addition, it is well known that CAs secreted from adrenal medulla

are excreted into the urine, and the change in SNS activity can be estimated by the amount of

CAs in the urine 4.

In the present study, we first determined the CAs concentration in 24 h urine following a single
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oral dose of FL in order to confirm SNS activation. Next, we examined the effects of the repeated

oral dose of FL on mouse adipose tissues, such as BAT, epididymal (eWAT), and inguinal white

adipose (iWAT), by the measurement of thermogenic-related protein and gene expressions in

addition to histological observation in iWAT.

2. Materials and methods

2.1.Materials

FL from cocoa were prepared according to Natsume et al.>> The FL contained 4.56% (+)-

catechin, 6.43% (-)-epicatechin, 3.93% procyanidin B2, 2.36% procyanidin C1, and 1.45%

cinnamtannin A2 (Figurel a-c). To determine a reference value, we also ascertained the

polyphenol concentration in this fraction using the Prussian blue method, and it showed a value

of 72.3%.

2.2. Animals and diets

The study was approved by the Animal Care and Use Committee of Shibaura Institute of

Technology (Permit Number: AEA19016). We used C57BL/6J 13 week old mice, weighing 21—

26 g obtained from Charles River Laboratories Japan, Inc. (Tokyo, Japan). In the acclimation

period, four mice were placed in a cage and kept in a temperature-regulated room (23-25 °C)
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with controlled lighting (12/12 h light/dark cycles) and freely accessible water and diet. Basal

diet (MF®) was obtained from Oriental Yeast Co., Ltd. (Tokyo, Japan).

2.3.Effect of a single dose of FL on the excretion of CAs in urine

After being fed a basal diet for 14 days, the mice were divided randomly into two treatment

groups as follows: vehicle (3% Tween 80 in distilled water) (n = 8); 50 mg/kg FL (n = 8).

Animals were placed in individual metabolic cages (Figurele) and were able to access food and

water freely. Following a 48 h habituation period, 24 h urine, both pre- and post-oral

administration of vehicle or FL, was collected using 20 pL of a 2.5 mol/L HCI containing tube as

shown in Figure 1d. The oral administration of vehicle or FL was carried out between 10:00 and

11:00 AM.

2.4. Analyses of CAs in urine

We determined the concentration of urinary CAs such as noradrenaline (NA), adrenaline (AD)

and their metabolites by treatment with the enzyme (sulfatase from Helix pomatia Type H-2,

Sigma—Aldrich, St. Louis, USA) according to the previous report 3¢, Briefly, the urine was heated

for 10 min following incubation with 500 U/ml of enzyme at 37 °C for one hour. After addition

of isoprenaline (Sigma—Aldrich, St. Louis, USA) as the internal standard, CAs were purified
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using a Monospin PBA (GL sciences, Tokyo Japan). The HPLC system (Prominance HPLC

System Shimazu Corporation, Kyoto, Japan) consisted of a quaternary pump with a vacuum

degasser, thermostatted column compartment, autosampler, and equipped with an electrochemical

detector (ECD 700 S, Eicom Corporation, Kyoto, Japan). A reverse-phase column (Inertsil ODS-

4 ;250 x 3.0 mm ID, 5 pm, GL Sciences, Tokyo, Japan) was used, and the column temperature

was maintained at 35 °C. The HPLC mobile phase was 24 mM acetate—citrate buffer (pH 3.5)-

CH3CN (100/14.1, v/v). The mobile phase flow rate was 0.3 mL/minute, and the injection

volume was 20 pL. The eluents were detected and analyzed at 500 mV. Excretion of CAs were

expressed as a ratio with urinary creatinine concentration measured using a LabAssay Creatinine

(FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan).

2.5. Effect of the repeated oral administration of FL on mouse adipose tissues

After being fed a basal diet for 14 days, mice were divided randomly into two treatment groups

as follows: vehicle (3% Tween 80 in distilled water, n = 11); 50 mg/kg FL (n = 11). Each group

was gavage administration with vehicle or 50 mg/kg bw FL for 14 days as shown in Figure 1f. At

the end of the treatment period, to avoid suffering and the influence of anesthesia on blood CA

dynamics, all the animals were sacrificed via decapitation by skilled researchers according to the

experimental procedures.
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BAT, eWAT, and iWAT (Figure 3, Figure 4, and Figure 5) were collected from each mouse by

dissection. BAT, eWAT, and 6 out of 11 of iWAT were snap-frozen in liquid nitrogen and stored

at —80 °C until analysis. The other 5 out of 11 iWAT were used as frozen sections for histological

observation.

2.6.Quantitative RT-PCR analysis

Total RNA was prepared from BAT and iWAT using TRIzol Reagent (Life Technologies,

California, USA) and eWAT using QIAzol (Qiagen, USA) according to the manufacturers’

instructions. Briefly, 10 pg of total RNA was reverse-transcribed in a 20 pL reaction volume with

High-Capacity cDNA Reverse Transcription Kits (Life Technologies, California, USA). Real-

time reverse-transcription PCR was performed using 50 ng total cDNA in the StepOne™ Real-

Time PCR System (Life Technologies, California, USA). The primer and probe sequences were

selected using a Tagman™ Gene Expression Assay (Life Technologies, California, USA) and the

following genes: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Mm99999915 gl), -

actin (Mm02619580 _g1), UCP-1 (Mm01244861 ml), peroxisome proliferator-activated

receptor y coactivator (PGC)-1o. (MmO01208835_m1), PR domain-containing (PRDM)16

(MmO00712556_ml), CD137 (Mm00441899 ml), transmembrane protein (TMEM)26

(MmO01173641 _ml), and T-Box Transcription Factor (TBX)-1 (Mm00448949) from Life
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Technologies; GAPDH and fS-actin were used as internal controls. The buffer used in the systems

was THUNDER BIRD Prove gPCR Mix (TOYOBO, Tokyo, Japan). The PCR cycling conditions

were 95 °C for 1 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.

2.7. Western blotting

Tissues were homogenized in a microtube with lysis buffer (CelLyticTM MT Cell Lysis Reagent;

Sigma—Aldrich, Japan) containing a protease inhibitor (Sigma—Aldrich, Japan) and 0.2% w/v

SDS. Protein concentration was measured using the Bradford method. Protein (20 pg) was

separated by SDS-PAGE using a 10-20% Bis-Tris gel and transferred onto a polyvinylidene

difluoride membrane (Life Technologies, California, USA). The membrane was blocked with

membrane-blocking reagent (GE Healthcare, Buckinghamshire, UK) for one hour. After

blocking, the membrane was incubated with a rabbit polyclonal primary antibody against o-

tubulin (1:800; GR3224374-1, Abcam) and an antibody against Ucp-1 (1:1000; GR286375-2,

Abcam). After the primary antibody reaction, the membrane was incubated with appropriate

horseradish peroxidase-conjugated secondary antibodies (1:100,000) for one hour.

Immunoreactivity was detected by chemiluminescence using the ECL Select Western Blotting

Reagent (GE Healthcare, Buckinghamshire, UK). Fluorescence band images were analyzed using

Just TLC (SWEDAY, Larkgatan, Sweden) analysis software. The ratio of Ucp-1 to a-tubulin for

10
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each animal was calculated.

2.8. Histological analysis of iWAT

iWAT was fixed using Softmount (192-10301, FUJIFILM Wako Pure Chemical Corporation,

Tokyo, Japan). Ten-micrometer-thick histological sections were cut and stained with hematoxylin

and eosin (H&E). All observations were performed with an uplight microscope (CX41LF,

OLYMPUS CORPRATION). Histological observation was carried out following H&E-stained

slides at a magnification of 40 x using a Camera Control Pro 2, Nikon.

2.9.Data analysis and statistical methods

The data are expressed as means and standard deviations. Statistical analyses were performed

using two-way ANOVA, followed by the post hoc Dunnett’s test or the Student’s #-test . p < 0.05

was considered significant, and p < 0.1 was considered to tend significance.

11
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3. Results

3.1. Twenty-four hours urinary CAs both pre-and post-oral administration of FL in mice

The results of excreted CAs and their metabolites in 24 h urine pre and post a single dose of

vehicle or 50 mg/kg FL are shown in Figure 2. NA in the 24 h urine was almost similar levels of

both the pre-and post-vehicle group and the pre-FL group; in contrast, a single oral dose of FL

significantly increased NA excretion in urine (Figure 2a). Nearly similar results were obtained for

the AD levels in urine as shown in Figure 2b. The total CAs, which is the sum of NA and AD, are

shown in Figure 2¢c. A marked increase in total CAs excretion was induced by a single oral

administration of FL (Figure 2c¢).

3.2. Effect of repeated oral doses of FL adipose tissues in mice

The results for thermogenic-related protein and gene expression in BAT are shown in Figure 3.

The level of Ucp-1 tended to increase in BAT by the repeated administration of FL (Figure 3b).

FL treatment significantly increased the mRNA expression of UCP-1, PGC-1a, and PRDM16 in

BAT (Figure 3c). In eWAT, there was no difference in the levels of Ucp-1 between the

experimental groups (Figure 4b). In addition, CD/37 and PGC-1a were significantly

upregulated, and TMEM26 also tended to increase in eWAT by the repeated gavage treatment of

FL (Figure 4c). In histochemical observations, a multilocular morphology along with a reduction

12
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in cell size were shown in iWAT following FL administration (Figure 5b). The level of Ucp-1

also increased significantly in iWAT in the FL group compared to the vehicle group (Figure 5c¢).

PRDM 16 mRNA expression was significantly increased in the FL group (Figure 5d).

4. Discussion

The activation of BAT and the formation of brown-like adipocytes called beige adipocytes,

within WAT, has focused much attention as a therapeutic target for obesity and its complications

37 These adipose tissues have attracted special interest because of their ability to dissipate energy

and their possible ability to differentiate themselves from white adipocytes 3%. It was well

investigated that browning of adipose tissue was induced by cold exposure ¥, exercise 4°, and

caloric restriction #. These results indicate that browning is produced by the activation of the

SNS #2. SNS innervating adipose such as BAT or beige adipose plays a key role in promoting

non-shivering thermogenesis.

Recently, it has been reported that dietary polyphenols, such as catechin ** and resveratrol 44,

were reported to activate BAT and possibly induce thermogenesis. We previously found that a

single oral dose of FL induced enhancement of energy expenditure along with increased mRNA

expression of UCP-1 in BAT 3°. These alterations induced by a single dose of FL were totally

reduced by co-administration of a specific B3 blocker, SR52930 3!. In addition, Choo et al. also

reported that a body fat-suppressive effect following ingestion of green tea catechin was inhibited

13
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by the supplementation of a B blocker 43. According to these previous results, it was suggested

that administration of polyphenols activate SNS, resulting in thermogenesis through the 3

adrenergic receptor expressed in BAT.

In the present study, we first determined the amount of CAs excreted into urine following a single

oral dose of FL. A significant increase in CAs in 24 h urine was observed following

administration of FL (Figure 2). Determination of urinary CAs has been used to assess SNS

activity inducing by the stressors in mammals 4. Food components, as well as many

physiological stress conditions (exercise, cold, and posture), are influencing plasma CAs levels

and the physiological processes. It is also known that 60-70% of circulating CAs in plasma are

sulfate conjugated forms, consequently, they are excreted in the urine*®. Therefore, increasing

CAs and their metabolites, following a single oral dose of FL, was considered the result in

activation of SNS induced by FL.

Next, we examined the effect of the repeated oral doses of FL on adipose in mice. In the result of

this study, the level of Ucp-1 tended to increase with the upregulation of its mRNA in BAT

following the repeated oral doses of FL (Figure 3a,b). It has been well investigated that activation

of the B3 receptor expressed in BAT or beige adipose induces the activation of the cAMP/PKA

pathway, consequently upregulating PGCa through the activation of p38 mitogen-activated

protein kinase (MAPK) #7. PGCla is known to widely express in BAT, stimulating UCP-1

14
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expression and increasing the number of mitochondria with oxidative capacity, therefore essential

for thermogenesis “3. It has also been reported that PRDM 16 and PGCla were the transcription

factors related to thermogenesis. They work together to induce the development of BAT

phenotype by B3 activation *°. In our present results, FL upregulated these two transcription

factors (Figure 3c). These results suggest that the thermogenic formation of BAT is induced by

repeated oral doses of FL.

It has been reported that beige adipose characterized by Ucp-1 expression and mitochondrial

generation is developed in WAT in response to SNS activation *°. Beige adipose represents

specific markers and also has thermogenetic ability through activation of Ucp-1 similar to BAT.

In particular, a distinct sub-population of WAT resident progenitors, which express the markers

CD137 and TMEM26 on their surface, show a greater ability to differentiate into beige cells 3.

In the result of this study, there was a difference in response to FL between two types of WAT

such as perigonadal eWAT and subcutaneous iWAT. Repeated 14-day gavage treatment of 50

mg/kg FL significantly increased Ucp-1 levels along with a multilocular morphology

characterized as beige fat in iWAT (Figure 4). In contrast, upregulation of browning markers,

such as CD137 and TMEM?26, was observed, but no changes in Ucp-1 levels was observed in

eWAT even following the treatment of FL (Figure 3).

It was reported that mild SNS activation recruits different precursor cells, such as Myh11* or

15
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SMA* vascular smooth muscle cells 32, and Ebf2* or Pdgfra* adipogenic cells 3 into iWAT, can

be differentiated into beige adipocytes. If the SNS inactivation occurs, SNS-induced beige

adipocytes lose Ucp-1 expression’*. De-activated beige cells have a white adipose-like

morphology but can be re-activated by an additional bout of B-adrenergic signaling *°. It was also

reported that the differentiation of Pdgfra™ adipogenic cells in eWAT was regulated by SNS

activation, resulting in repeated differentiation white to beige or beige to white 3. iWAT are

reported to have highly susceptible to browning even with mild stimulation; in contrast, the

eWAT of male mice are quite resistant to browning 3°. The differences in their response to FL

observed in this study may occur in the differentiate ability difference between eWAT and iWAT.

In the present study, we confirmed that FL activates SNS, resulting in the browning of adipose,

but their mechanism of action is still unknown.

5. Conclusion

In conclusion, the results of this study showed that oral administration of FL activated SNS,

consequently induced the activation of BAT, and promoted browning of WAT. It was suggested

that the effect of FL was more sensitive on the subcutaneous iWAT than visceral eWAT. The

mechanisms for the activation of SNS induced by oral administration of FL or FL-rich foods

remain unclear; further elucidation through additional studies is needed.

16


https://doi.org/10.20944/preprints202109.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2021 d0i:10.20944/preprints202109.0268.v1

Author Contributions:

Conceptualization, N.O.; Data curation, Y.I. and O.M.; Formal analysis, T.F. and Y.F.;

Investigation, Y.I., O.M., T.T., M.H., and M.O.; Methodology, Y.I., 0.M., and Y.F.; Project

administration, Y.F. and N.O.; Supervision, Y.F. and N.O.; Validation, T.F.; Visualization

preparation, Y.I. and O.M.; Writing, N.O.

Funding:

This work was supported by JSPS KAKENHI (Grant Number: JP19H04036).

Conflicts of Interest:

The authors declare no conflict of interest.

References

1. Hatano, T.; Miyatake, H.; Natsume, M.; Osakabe, N.; Takizawa, T.; Ito, H.; Yoshida, T,
Proanthocyanidin glycosides and related polyphenols from cacao liquor and their antioxidant effects.
Phytochemistry 2002, 59 (7), 749-58.

2. Natsume, M.; Osakabe, N.; Yamagishi, M.; Takizawa, T.; Nakamura, T.; Miyatake, H.;
Hatano, T.; Yoshida, T., Analyses of polyphenols in cacao liquor, cocoa, and chocolate by normal-
phase and reversed-phase HPLC. Bioscience, biotechnology, and biochemistry 2000, 64 (12), 2581-7.
3. Shoji, T.; Yanagida, A.; Kanda, T., Gel permeation chromatography of anthocyanin

pigments from Rose cider and red wine. Journal of agricultural and food chemistry 1999, 47 (7),

17


https://doi.org/10.20944/preprints202109.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2021 d0i:10.20944/preprints202109.0268.v1

2885-90.

4. Shoji, T.; Obara, M.; Takahashi, T.; Masumoto, S.; Hirota, H.; Miura, T., The Differences in
the Flavan-3-ol and Procyanidin Contents of the Japanese 'Fuji' and 'Orin' Apples Using a Rapid
Quantitative High-Performance Liquid Chromatography Method: Estimation of the Japanese Intake of
Flavan-3-ols and Procyanidins from Apple as Case Study. Foods 2021, 10 (2).

5. Mufioz-Gonzélez, C.; Criado, C.; Pérez-Jiménez, M.; Pozo-Bayon, M., Evaluation of the
Effect of a Grape Seed Tannin Extract on Wine Ester Release and Perception Using In Vitro and In
Vivo Instrumental and Sensory Approaches. Foods 2021, 10 (1).

6. Rajakumari, R.; Volova, T.; Oluwafemi, O. S.; Rajesh Kumar, S.; Thomas, S.; Kalarikkal,
N., Grape seed extract-soluplus dispersion and its antioxidant activity. Drug Dev Ind Pharm 2020, 46
(8), 1219-1229.

7. Bertelli, A. A.; Das, D. K., Grapes, wines, resveratrol, and heart health. Journal of
cardiovascular pharmacology 2009, 54 (6), 468-76.
8. Merkyté, V.; Longo, E.; Jourdes, M.; Jouin, A.; Teissedre, P. L.; Boselli, E., High-

Performance Liquid Chromatography-Hydrogen/Deuterium Exchange-High-Resolution Mass
Spectrometry Partial Identification of a Series of Tetra- and Pentameric Cyclic Procyanidins and
Prodelphinidins in Wine Extracts. Journal of agricultural and food chemistry 2020, 68 (11), 3312-
3321.

9. Schewe, T.; Steffen, Y.; Sies, H., How do dietary flavanols improve vascular function? A
position paper. Archives of biochemistry and biophysics 2008, 476 (2), 102-6.

10. McCullough, M. L.; Chevaux, K.; Jackson, L.; Preston, M.; Martinez, G.; Schmitz, H. H.;
Coletti, C.; Campos, H.; Hollenberg, N. K., Hypertension, the Kuna, and the epidemiology of
flavanols. Journal of cardiovascular pharmacology 2006, 47 Suppl 2, S103-9; discussion 119-21.

11. Latham, L. S.; Hensen, Z. K.; Minor, D. S., Chocolate--guilty pleasure or healthy
supplement? Journal of clinical hypertension (Greenwich, Conn.) 2014, 16 (2), 101-6.

12. Baba, S.; Osakabe, N.; Kato, Y.; Natsume, M.; Yasuda, A.; Kido, T.; Fukuda, K.; Muto, Y.;
Kondo, K., Continuous intake of polyphenolic compounds containing cocoa powder reduces LDL
oxidative susceptibility and has beneficial effects on plasma HDL-cholesterol concentrations in
humans. The American journal of clinical nutrition 2007, 85 (3), 709-17.

13. Mursu, J.; Voutilainen, S.; Nurmi, T.; Rissanen, T. H.; Virtanen, J. K.; Kaikkonen, J.;
Nyyssonen, K.; Salonen, J. T., Dark chocolate consumption increases HDL cholesterol concentration
and chocolate fatty acids may inhibit lipid peroxidation in healthy humans. Free radical biology &
medicine 2004, 37 (9), 1351-9.

14. Almoosawi, S.; Tsang, C.; Ostertag, L. M.; Fyfe, L.; Al-Dujaili, E. A., Differential effect of
polyphenol-rich dark chocolate on biomarkers of glucose metabolism and cardiovascular risk factors

in healthy, overweight and obese subjects: a randomized clinical trial. Food Funct 2012, 3 (10), 1035-

18


https://doi.org/10.20944/preprints202109.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2021 d0i:10.20944/preprints202109.0268.v1

43.

15. Grassi, D.; Desideri, G.; Necozione, S.; Lippi, C.; Casale, R.; Properzi, G.; Blumberg, J. B.;
Ferri, C., Blood pressure is reduced and insulin sensitivity increased in glucose-intolerant,
hypertensive subjects after 15 days of consuming high-polyphenol dark chocolate. The Journal of
nutrition 2008, 138 (9), 1671-6.

16. Rynarzewski, J.; Dicks, L.; Zimmermann, B. F.; Stoffel-Wagner, B.; Ludwig, N.; Helfrich,
H. P.; Ellinger, S., Impact of a Usual Serving Size of Flavanol-Rich Cocoa Powder Ingested with a
Diabetic-Suitable Meal on Postprandial Cardiometabolic Parameters in Type 2 Diabetics-A
Randomized, Placebo-Controlled, Double-Blind Crossover Study. Nutrients 2019, 11 (2).

17. Osakabe, N.; Terao, J., Possible mechanisms of postprandial physiological alterations
following flavan 3-ol ingestion. Nutr Rev 2018, 76 (3), 174-186.

18. Baba, S.; Osakabe, N.; Natsume, M.; Terao, J., Absorption and urinary excretion of
procyanidin B2 [epicatechin-(4beta-8)-epicatechin] in rats. Free radical biology & medicine 2002, 33
(1), 142-8.

19. Williamson, G.; Dionisi, F.; Renouf, M., Flavanols from green tea and phenolic acids from
coffee: critical quantitative evaluation of the pharmacokinetic data in humans after consumption of
single doses of beverages. Mol Nutr Food Res 2011, 55 (6), 864-73.

20. Nishimura, M.; Ishiyama, K.; Watanabe, A.; Kawano, S.; Miyase, T.; Sano, M.,
Determination of theaflavins including methylated theaflavins in black tea leaves by solid-phase
extraction and HPLC analysis. Journal of agricultural and food chemistry 2007, 55 (18), 7252-7.

21. Urpi-Sarda, M.; Monagas, M.; Khan, N.; Lamuela-Raventos, R. M.; Santos-Buelga, C.;
Sacanella, E.; Castell, M.; Permanyer, J.; Andres-Lacueva, C., Epicatechin, procyanidins, and
phenolic microbial metabolites after cocoa intake in humans and rats. Anal Bioanal Chem 2009, 394
(6), 1545-56.

22. Wiese, S.; Esatbeyoglu, T.; Winterhalter, P.; Kruse, H. P.; Winkler, S.; Bub, A.; Kulling, S.
E., Comparative biokinetics and metabolism of pure monomeric, dimeric, and polymeric flavan-3-ols:
a randomized cross-over study in humans. Mol Nutr Food Res 2015, 59 (4), 610-21.

23. Martin, F. P.; Montoliu, I.; Nagy, K.; Moco, S.; Collino, S.; Guy, P.; Redeuil, K.; Scherer,
M.; Rezzi, S.; Kochhar, S., Specific dietary preferences are linked to differing gut microbial metabolic
activity in response to dark chocolate intake. J Proteome Res 2012, 11 (12), 6252-63.

24, Urpi-Sarda, M.; Monagas, M.; Khan, N.; Llorach, R.; Lamuela-Raventos, R. M.; Jauregui,
O.; Estruch, R.; Izquierdo-Pulido, M.; Andrés-Lacueva, C., Targeted metabolic profiling of phenolics
in urine and plasma after regular consumption of cocoa by liquid chromatography-tandem mass
spectrometry. J Chromatogr A 2009, 1216 (43), 7258-67.

25. Marhuenda-Muiloz, M.; Laveriano-Santos, E. P.; Tresserra-Rimbau, A.; Lamuela-Raventods,

R. M.; Martinez-Huélamo, M.; Vallverda-Queralt, A., Microbial Phenolic Metabolites: Which

19


https://doi.org/10.20944/preprints202109.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2021 d0i:10.20944/preprints202109.0268.v1

Molecules Actually Have an Effect on Human Health? Nutrients 2019, 11 (11).

26. Basu, A.; Betts, N. M.; Leyva, M. J.; Fu, D.; Aston, C. E.; Lyons, T. J., Acute Cocoa
Supplementation Increases Postprandial HDL Cholesterol and Insulin in Obese Adults with Type 2
Diabetes after Consumption of a High-Fat Breakfast. The Journal of nutrition 2015, 145 (10), 2325-
32.

27. Naissides, M.; Mamo, J. C.; James, A. P.; Pal, S., The effect of acute red wine polyphenol
consumption on postprandial lipaemia in postmenopausal women. Atherosclerosis 2004, 177 (2), 401-
8.

28. Sear, J. W., 26 - Antihypertensive Drugs and Vasodilators. In Pharmacology and Physiology
for Anesthesia (Second Edition), Hemmings, H. C.; Egan, T. D., Eds. Elsevier: Philadelphia, 2019; pp
535-555.

29. Bartness, T. J.; Vaughan, C. H.; Song, C. K., Sympathetic and sensory innervation of brown
adipose tissue. Int J Obes (Lond) 2010, 34 Suppl 1, S36-42.

30. Ingawa, K.; Aruga, N.; Matsumura, Y.; Shibata, M.; Osakabe, N., Alteration of the systemic
and microcirculation by a single oral dose of flavan-3-ols. PloS one 2014, 9 (4), €94853.

31. Kamio, N.; Suzuki, T.; Watanabe, Y.; Suhara, Y.; Osakabe, N., A single oral dose of flavan-
3-ols enhances energy expenditure by sympathetic nerve stimulation in mice. Free radical biology &
medicine 2015, 91, 256-263.

32. Bartelt, A.; Heeren, J., Adipose tissue browning and metabolic health. Nature reviews.
Endocrinology 2014, 10 (1), 24-36.

33. Kajimura, S.; Spiegelman, B. M.; Seale, P., Brown and Beige Fat: Physiological Roles
beyond Heat Generation. Cell metabolism 2015, 22 (4), 546-59.

34. Tentolouris, N.; Liatis, S.; Katsilambros, N., Sympathetic system activity in obesity and
metabolic syndrome. Annals of the New York Academy of Sciences 2006, 1083, 129-52.
3s. Baba, S.; Osakabe, N.; Natsume, M.; Yasuda, A.; Takizawa, T.; Nakamura, T.; Terao, J.,

Cocoa powder enhances the level of antioxidative activity in rat plasma. The British journal of
nutrition 2000, 84 (5), 673-80.

36. Baba, S.; Osakabe, N.; Yasuda, A.; Natsume, M.; Takizawa, T.; Nakamura, T.; Terao, J.,
Bioavailability of (-)-epicatechin upon intake of chocolate and cocoa in human volunteers. Free

radical research 2000, 33 (5), 635-41.

37. Paulo, E.; Wang, B., Towards a Better Understanding of Beige Adipocyte Plasticity. Cells
2019, 8 (12).
38. Scheja, L.; Heeren, J., The endocrine function of adipose tissues in health and

cardiometabolic disease. Nature reviews. Endocrinology 2019, 15 (9), 507-524.
39. Marlatt, K. L.; Ravussin, E., Brown Adipose Tissue: an Update on Recent Findings.
Current obesity reports 2017, 6 (4), 389-396.

20


https://doi.org/10.20944/preprints202109.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2021 d0i:10.20944/preprints202109.0268.v1

40. Aldiss, P.; Betts, J.; Sale, C.; Pope, M.; Budge, H.; Symonds, M. E., Exercise-induced
'browning' of adipose tissues. Metabolism: clinical and experimental 2018, 81, 63-70.

41. Barquissau, V.; Leger, B.; Beuzelin, D.; Martins, F.; Amri, E. Z.; Pisani, D. F.; Saris, W. H.
M.; Astrup, A.; Maoret, J. J.; Tacovoni, J.; Dejean, S.; Moro, C.; Viguerie, N.; Langin, D., Caloric
Restriction and Diet-Induced Weight Loss Do Not Induce Browning of Human Subcutaneous White
Adipose Tissue in Women and Men with Obesity. Cell reports 2018, 22 (4), 1079-1089.

42, Cao, Q.; Jing, J.; Cui, X.; Shi, H.; Xue, B., Sympathetic nerve innervation is required for
beigeing in white fat. Physiological reports 2019, 7 (6), e14031.

43. Choo, J. J., Green tea reduces body fat accretion caused by high-fat diet in rats through
beta-adrenoceptor activation of thermogenesis in brown adipose tissue. J Nutr Biochem 2003, 14 (11),
671-6.

44. Andrade, J. M.; Frade, A. C.; Guimaraes, J. B.; Freitas, K. M.; Lopes, M. T.; Guimaraes, A.
L.; de Paula, A. M.; Coimbra, C. C.; Santos, S. H., Resveratrol increases brown adipose tissue
thermogenesis markers by increasing SIRT1 and energy expenditure and decreasing fat accumulation
in adipose tissue of mice fed a standard diet. Eur J Nutr 2014, 53 (7), 1503-10.

45. Grouzmann, E.; Lamine, F., Determination of catecholamines in plasma and urine. Best
practice & research. Clinical endocrinology & metabolism 2013, 27 (5), 713-23.

46. Eisenhofer, G.; Kopin, 1. J.; Goldstein, D. S., Catecholamine metabolism: a contemporary
view with implications for physiology and medicine. Pharmacological reviews 2004, 56 (3), 331-49.
47. Bargut, T. C.; Aguila, M. B.; Mandarim-de-Lacerda, C. A., Brown adipose tissue: Updates
in cellular and molecular biology. Tissue & cell 2016, 48 (5), 452-60.

48. Lidell, M. E.; Betz, M. J.; Enerbéck, S., Brown adipose tissue and its therapeutic potential.
Journal of internal medicine 2014, 276 (4), 364-77.
49. Kim, W. K.; Choi, H. R.; Park, S. G.; Ko, Y.; Bae, K. H.; Lee, S. C., Myostatin inhibits

brown adipocyte differentiation via regulation of Smad3-mediated B-catenin stabilization. The

international journal of biochemistry & cell biology 2012, 44 (2), 327-34.

50. Harms, M.; Seale, P., Brown and beige fat: development, function and therapeutic potential.
Nat Med 2013, 19 (10), 1252-63.
51. Wu, J.; Bostrom, P.; Sparks, L. M.; Ye, L.; Choi, J. H.; Giang, A. H.; Khandekar, M.;

Virtanen, K. A.; Nuutila, P.; Schaart, G.; Huang, K.; Tu, H.; van Marken Lichtenbelt, W. D.; Hoeks, J.;
Enerbick, S.; Schrauwen, P.; Spiegelman, B. M., Beige adipocytes are a distinct type of thermogenic
fat cell in mouse and human. Cell 2012, 150 (2), 366-76.

52. Long, J. Z.; Svensson, K. J.; Tsai, L.; Zeng, X.; Roh, H. C.; Kong, X.; Rao, R. R.; Lou, J.;
Lokurkar, I.; Baur, W.; Castellot, J. J., Jr.; Rosen, E. D.; Spiegelman, B. M., A smooth muscle-like
origin for beige adipocytes. Cell metabolism 2014, 19 (5), 810-20.

53. Seale, P., Brown adipose tissue biology and therapeutic potential. Frontiers in

21


https://doi.org/10.20944/preprints202109.0268.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 September 2021 d0i:10.20944/preprints202109.0268.v1

endocrinology 2013, 4, 14.
54. Rosenwald, M.; Perdikari, A.; Riilicke, T.; Wolfrum, C., Bi-directional interconversion of

brite and white adipocytes. Nature cell biology 2013, 15, 659-667.

55. Wang, W.; Seale, P., Control of brown and beige fat development. Nature reviews.
Molecular cell biology 2016, 17 (11), 691-702.
56. Lee, Y. H.; Petkova, A. P.; Mottillo, E. P.; Granneman, J. G., In vivo identification of

bipotential adipocyte progenitors recruited by f3-adrenoceptor activation and high-fat feeding. Cell

metabolism 2012, 15 (4), 480-91.

Figure Legend

Figure 1. Composition of flavan 3-ols fraction(FL) and scheme of experimental procedures.

Composition of flavan 3-ols fraction (FL, a), structure of catechins (b), structure of B-type

procyanidins(c), scheme for the experimental procedure to determine urinary catecholamines

(CAs) following a single dose of FL(d), photo of the metabolic cage (¢), scheme for the

experimental procedure to examine the effect of repeated administration of FL on adipose in

mice.

Figure 2. Twenty-four hours urinary catecholamines (CA) both pre-and post-oral

administration of vehicle or 50 mg/kg flavan 3-ols (FL) in mice. Noradrenaline (NA, a),

adrenaline (AD, b), and total CAs (c).The values represent the mean + standard deviation (each

group, n = 8). ** p<0.01, *** p <0.001 (two-way ANOVA, followed by the post hoc

Dunnett’s test).

Figure 3. The effect of repeated oral administration of 50 mg/kg flavan 3-ols (FL) on mice
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brown adipose tissue (BAT). Photo of BAT (a), Ucp-1 levels determined by western blotting

(b), mRNA expressions of UCP-1, PGC-1a and PRDM 16 (c). The values represent the mean +

standard deviation (each group, n =11). # p < 0.1, ** p <0.01, * p <0.05, ** p <0.01

(Student’s t-test).

Figure 4. The effect of repeated oral administration of 50 mg/kg flavan 3-ols (FL) on mice

epididymal adipose (eWAT). Photo of eWAT (a), Ucp-1 levels determined by western blotting

(b), mRNA expressions of UCP-1, PGC-1a., PRDM16, CD137, TMEM?26 and TBX-1 (c).The

values represent the mean + standard deviation (each group, n =11). # p <0.1, ** p <0.01, * p

<0.05, ** p <0.01 (Student’s ¢-test).

Figure 5. The effect of repeated oral administration of 50 mg/kg flavan 3-ols (FL) on mice

inguinal adipose (iWAT). Photo of iWAT (a), histochemical observation of iWAT with arrows

point to multilocular morphology(b), Ucp-1 levels determined by western blotting (c), mRNA

expressions of UCP-1, PGC-1a, PRDM16, CD137, TMEM?26 and TBX-1 (d). The values

represent the mean =+ standard deviation (each group, n =6). # p < 0.1, ** p <0.01, * p <0.05,

** p<0.01 (Student’s t-test).
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