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Rye bran alkylresorcinols suppress adipocyte lipolysis

and hormone-sensitive lipase activity
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The effects of alkylresorcinols (ARs) isolated from rye bran on adipocyte lipolysis, hormone-

sensitive lipase activity and phosphorylation and on phosphorylation of protein kinase A

substrates were studied. Preincubation with ARs for 18 h suppressed catecholamine-stimu-

lated lipolysis in 3T3-L1 adipocytes. Furthermore, phosphorylation of hormone-sensitive

lipase (HSL), a key lipase responsible for stimulated lipolysis, and phosphorylation of protein

kinase A substrates, were diminished after preincubation with ARs, whereas HSL protein

expression was unaltered. ARs were also shown to inhibit HSL activity in an in vitro assay.
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Intake of whole grain products is associated with a decreased

risk of type 2 diabetes [1–3] and other metabolic diseases.

Alkylresorcinols (ARs) are a group of phenolic lipids present

in the outer layer of mainly whole grain rye and whole grain

wheat (4500mg/g). They have an odd-numbered alkyl chain

attached to position 5 of the 1,3-dihydroxybenzene ring [4].

The length of the alkyl side chain of ARs varies from 13 to

27 carbon atoms [5, 6]. The side chain is usually saturated

but unsaturated and oxygenated chain analogues have also

been reported [7]. Since ARs occur only in the outer layer of

the grain, it has been proposed that ARs can serve as a

biomarker for whole grain rye and wheat intake [8, 9]. The

content of ARs in whole grain products is relatively high

(e.g. whole grain rye crisp bread 886–1007 mg/g; whole grain

rye bread 380–707 mg/g) [9]. ARs are absorbed in the small

intestine [10, 11], transported via the lymphatic system and

carried in association with erythrocyte membranes and

lipoproteins in the blood [10, 12, 13]. In vitro studies have

shown that ARs incorporated in biological membranes

possess the ability to alter the properties and function of

membranes [14], including the activity of membrane-bound

enzymes, thus suggesting a role for ARs in cell metabolism

[7]. Ross et al. demonstrated the presence of ARs in adipose

tissue of rats fed a diet rich in purified ARs [15] and it was

recently shown that intake of whole grain bread correlates

with the content of ARs in human adipose tissue [16].

Dysregulated lipid metabolism plays a central role in the

development of type 2 diabetes and elevated levels of free

fatty acids (FFA) in plasma together with ectopic fat

deposition are associated with the development of insulin

resistance [17]. Lipolysis is the process leading to release of

FFA from stored triacylglycerol (TAG) into the blood stream,

where they are transported to other tissues to be used as

energy substrate. Hormone-sensitive lipase (HSL), together

with other lipases and perilipin, a fat droplet associated

protein, are responsible for mobilizing FFA from the

adipose tissue [18]. HSL is phosphorylated and activated by

protein kinase A (PKA) in response to a catecholamine-

induced rise in intracellular cAMP levels [19, 20].

In view of the importance of adipose tissue in the

development of insulin resistance and the fact that ARs have

been found to accumulate in adipose tissue, we here

examined the effects of rye bran ARs on lipolysis and HSL

activity using 3T3-L1 adipocytes as experimental model. The

ARs were extracted and pre-purified from rye bran

(‘‘Amilo’’, Sweden, 2008) and the single homologues were

isolated by preparative high-pressure liquid chromatography

[21]. In the biological tests the highly purified homologues
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C17 and C19 were used. The homologues were eluted from

the C8 reversed-phase preparative column using ethanol/

water gradient after 140 and 167 min, respectively. For all

analyses, ARs were diluted in 99.5% ethanol and sonicated

for 3� 10 s. Ethanol was added to all assays at a final

concentration of 1% v/v. In Supporting Information, details

regarding the culturing and differentiation of 3T3-L1

adipocytes, measurements of lipolysis, measurements of

HSL activity, SDS page and Western blot analysis and

statistical analyses are provided.

Preincubation with ARs for 18 h with the C17 homologue

suppressed lipolysis induced by 10 and 100 nM isoproter-

enol (Fig. 1), whereas preincubation for 6 h had no effect

(data not shown). A tendency towards suppression of basal

lipolysis after preincubation with ARs was also observed, but

it was not statistically significant. To examine the dose

dependency of the effect of ARs, 3T3-L1 adipocytes were

incubated with three different concentrations of ARs (0.34,

3.4 and 34mM). Isoproterenol-stimulated lipolysis was

significantly suppressed using 34mM ARs, whereas the

lower concentrations did not appear to have any effect (data

not shown). Similar results were obtained using the C19

homologue (data not shown). The effects of ARs on

isoproterenol-induced phosphorylations were studied using

antibodies against consensus sequences for phosphorylation

by PKA. Preincubation of 3T3-L1 adipocytes with

ARs resulted in reduced phosphorylation of some of the

phosphorylation targets (Fig. 2A, upper panel). The

expression level of the PKA regulatory subunit did not

differ significantly during the different conditions

(Fig. 2A, lower panel). HSL, a key enzyme in stimulated

lipolysis, is a target for PKA. Preincubation of 3T3-L1

adipocytes with the C17 homologue resulted in a signifi-

cantly reduced phosphorylation at Ser563, a site known to be

phosphorylated by PKA. The expression level of HSL was

not affected by AR treatment (Fig. 2B). No significant

effect on the phosphorylation of HSL at Ser563 was

observed after preincubation with ARs for 6 h (data not

shown). Preincubation with ARs for 18 h did not result in

altered expression of total perilipin or in altered ability of

isoproterenol to induce a mobility shift of perilipin, an

indirect measurement of perilipin phosphorylation

(Supporting Information, Fig. 1).

We also investigated the ability of ARs to directly inhibit

purified HSL in a cell-free system. Preincubation of HSL

with 38 mM ARs for 30 min resulted in decreased lipase

activity (Fig. 3). A trend towards a dose-dependent inhibition

was observed, but the inhibition exerted by the two

lower concentrations of ARs did not attain statistical
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Figure 1. The effect of 18 h of preincubation with the AR homo-

logue C17 (34mM) on basal and stimulated lipolysis compared to

control (ctrl) using the indicated concentrations of isoproterenol

(iso) in 3T3-L1 adipocytes. Data are mean7SEM, n 5 5. �po0.05,
��po0.01.
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Figure 2. After 18 hours of preincubation of

3T3-L1 adipocyte with 34 mM of the AR

homologue C17 (AR) or without (ctrl) the cells

were incubated with (1) or without (�)

100 nM of isoproterenol (iso) for 2 hours. Cell

homogenates were analyzed by Western blot

analysis using antibodies against consensus

sequences for phosphorylation by PKA

(RRXS(P)/T(P)) (A, upper panel) and anti-

bodies against the regulatory subunit of PKA

(A, lower panel) as well as antibodies against

total HSL and pHSL Ser563 (B). The samples

are loaded in duplicates on the gel. The

arrows indicate PKA targets with reduced

phosphorylation after AR treatment. HSL and

pHSL were quantified and expressed as mean

pHSL/HSL7SEM from three separate experi-

ments. Representative blots are shown.
�po0.05.
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significance. HSL activity assays were performed using the

C19 homologue.

In summary, we show that ARs inhibit catecholamine-

stimulated lipolysis in 3T3-L1 adipocytes as well as the

activity of HSL, the latter demonstrated both by an in vitro

assay and by diminished phosphorylation. The diminished

phosphorylation of HSL is presumably a result of the

reduced PKA activity. The concentration needed to obtain

effects in this study, 34mM, is higher than the plasma levels

estimated after intake of whole grain in humans

(0.2–0.5 mM) [22], however, in the human studies the

concentration of ARs adjacent to the adipocytes is not

known. Also, in a physiological context, the transport and

uptake of ARs could be facilitated by mechanisms not

available in an intact cell model system.

Under basal conditions HSL is almost exclusively found

in the cytosol of the adipocyte. Upon phosphorylation and

activation by PKA, HSL translocates from the cytosol to the

surface of the lipid droplet where it hydrolyses stored TAG

[18]. ARs have the ability to incorporate into cellular

membranes due to their amphiphilic properties and they

have been shown to accumulate in adipose tissue in both

rats and humans [15, 16]. It is also known that ARs have the

ability to directly interact with proteins by binding to a

hydrophobic region [7]. Based upon this, it can be hypo-

thesized that ARs have the capacity to diffuse across the

plasma membrane and to associate with the lipid droplet

and interact with HSL. However, additional studies are

needed to prove the ability of ARs to cross the adipocyte

membrane. In future studies it would also be of interest to

investigate whether the inhibitory effect of ARs applies to

other lipases, including adipose triglyceride lipase (ATGL),

the other major lipase in adipose tissue lipolysis [18]. ATGL

has been shown to be involved in basal as well as stimulated

lipolysis acting together with CGI-58/ABHD5 [18]. With

regard to direct effects of ARs on metabolic enzymes, it has

previously been shown that ARs isolated from wheat and rye

bran inhibit in vitro activity of glycerol-3-phosphate dehy-

drogenase (GPDH), a key enzyme in TAG synthesis, and

TAG accumulation in 3T3-L1 preadipocytes [23, 24].

However, the fact that these experiments were performed in

differentiating fibroblasts and not in fully mature adipocytes

makes it difficult to assess whether the effect of ARs is on

lipogenesis per se or on differentiation in general (adipo-

genesis).

In contrast to the effect of ARs on HSL activity,

which most likely is a direct effect on HSL, the inhibitory

effect of ARs on catecholamine-stimulated phosphorylation

of HSL and lipolysis in 3T3-L1 adipocytes presumably

reflects the observed reduction in PKA signaling.

More studies are needed to elucidate the mechanisms

underlying the reduction in PKA signaling, but it

could be speculated that AR treatment exert its effects at the

level of the plasma membrane/lipid rafts where the

b-adrenergic receptor is localized (or at the level of down-

stream targets).

Cereals constitute a major source of dietary carbohy-

drates in western countries. However, cereals are often

consumed as refined products thereby lacking ARs and

other components associated with the bran. Interest in the

potential health benefits from whole grain cereals has

increased in the past years. ARs are one of several bioactive

components in whole grain that could play a role in the

protective effect of whole grain regarding diabetes risk. Our

results suggest that a constant high intake of ARs, in the

format of for example whole grain rye, could lead to a

reduced lipolysis in vivo and hence lower levels of circulat-

ing FFA.
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