JOURNAL OF PHYSIOLOGYAND PHARMACOLOGY 2017, 681, 3-11
www.jpp.krakowpl

Review article

M. KNAPP?, J.GORSKFP-3

THE SKELETAL AND HEART MUSCLE TRIACYLGLYCEROLLIPOLYSIS REVISITED

1Department of Cardiologyedical University of Bialystok, Bialystok, PolariiDepartment of Physiology
Medical University of Bialystok, Bialystok, Polantiedical Institute, Lomzat&te University ofApplied Sciences, Lomza, Poland

For 40 years, the enzyme hormone sensitive lipase was considered to hydrolyze the first ester bond of the triacylglycerol
moiety and thus initiate hydrolysis. Howey&@ years ago a new lipolytic enzyme, termed adipose triglyceride lipase
was discovered. It was further shown that the process of lipolysis of triacylglycerol to diacylglycerol and fatty acid is
initiated by adipose triglyceride lipase and not by hormone sensitive lipase, responsible for hydrolysis of diacylglycerol
to monoacyglycerol and fatty aciéldipose triglyceride lipase is present in all types of cells containing neutrahtat.
enzyme is activated by a protein called comparative gene identification-58 and inhibited by a protein called G0O/G1
switch protein 2. It has also been discovered that perilipins, the main proteins coating lipid droplets in the cells, are
involved in the process of triacylglycerol lipolysis. Five perilipins (1-5) were identified, hoygvéo now their role

has been poorly assessed. In skeletal muscles, exercise and trd@unhthafmRNAexpression and protein content of
adipose triglyceride lipase, comparative gene identification-58, GO/G1 switch protein 2, perilipin Zhadfect of
exercise/training depends on exercise intensity and type of muscleAfibérteraction between comparative gene
identification-58 and adipose triglyceride lipase seems to be responsible for the enzyme activation during contractile
activity. Adipose triglyceride lipase is also responsible for the activation of the first step of triacylglycerol lipolysis in
the heartThere is substantial evidence that cardiac triacylglycerol metabolfestsathe function of the heaATGL

gene mutations leads to the development of neutral lipid storage diseases.
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INTRODUCTION OVERVIEW OF TRIACYLGLYCEROLLIPOLYSIS
IN ADIPOSETISSUE
Unesterified (free) long chain fatty acidsAjFplay a
crucial role as engy source for most cells of the bodyhey Triacylglycerol are stored in lipid droplets (LDJhe white
are also components of complex lipids, mostly phospholipidsadipose tissue adipocyte usually contains one LD, whereas the
and triacylglycerol, and serve as precursors ofedéht brown adipose tissue adipocyte has several drofileéssize of
mediators. R are esterified to glycerol backbone to form the white adipocyte LD is around 100 pm (@&)lipid droplet
triacylglycerol (TG) and are stored in this form. ON& containsTG and cholesteryl esters inside and is surrounded by a
moiety contains three A- residues.Adipose tissue is a coat composed of a monolayer of phospholipids anf@reiit
‘natural’ store ofTG. Only adipocytes releasé\RFo the blood  proteins. Perilipins are the best characterized LD proteins (1, 7, 8).
and thus supply other cells of the body with the compoundsLipid droplets are now recognized to be activgaoelles and not
TG are also present, although only in small amounts, nearly ionly passive stores &G (8-11). The mechanism of LD formation
each cell type.They are hydrolyzed in the process called still remains a matter of controversy (1). Our view on the process
lipolysis. Sudies of the last 12 years have revolutionized ourof lipolysis has changed dramatically over the last 12 years. Until
knowledge on the regulation ®f5 lipolysis. Several excellent the year 2004, the enzyme called hormone sensitive lipase (HSL)
reviews are devoted to the current viewTdh metabolism in  was commonly accepted as the principal, rate limiting enzyme in
adipocytes (1-5). the process of G lipolysis (12). HSlwas described in 1964 and
The present contribution is devoted to the lipolysisST@f  was considered responsible for the hydrolysis T@&3 to
located in the skeletal and heart muscles. Regarding skeletdlacylglycerol (DG) and then hydrolysis of DG to
muscles, special attention will be paid to a relationship betweemonoacylglycerol (MG) (13). MG is hydrolyzed to glycerol and
the contractile activity and behavior of particular components ofatty acid (R) by the enzyme monoacylglycerol lipase (14).
the lipolytic system. In the case of the heart, the relationshipdlowever in 2004 three independent groups of investigators
between cardia@G metabolism and the function of the heart discovered a new lipase which is presently called adipose
will be emphasized. First, brief information will be provided on triglyceride lipase (AGL). It has also been proved th&TGL
lipolysis regulation in adipose tissue. starts the process of lipolysis hydrolyzing the first ester bond of



TG to diacylglycerol (DG) and a fatty acid (15-17). It was furtherreleased from endogenous triacylglycerol by overexpressed
shown that HSlIplays the principal role in the hydrolysis of DG to ATGL are most likely the receptor stimulatoFéie activation of
MG. ATGL has 10-fold higher substratefiaity for TG than for  the receptor would lead to the activation of the enzymes
DG and only small or none fafity for other lipids: MG involved in fatty acid oxidatiorAn involvement of other factors
cholesteryl- and retinyl esters (12, 18he maximal dfity of stimulating fatty acid oxidation is also suggested. Howewer
HSLto TG DG MG cholesteryl and retinyl esters is in the range vivo overexpression oATGL in mouse tibialis anterior muscle
of 1:10:1:4:2 (5, 12ATGL and HSLare responsible for 90 —95% did not significantly elevate fatty acid oxidation. It was
of TG lipolysis in the mice tissu@his may suggest the presence suggested thaith vivo ATGL is not a major factor regulating
of other enzymes involved HG hydrolysis (5, 7, 18). mitochondrial activity in skeletal muscles (27).
Adipose adipose triglyceride lipase mRN&Apresent in all Skeletal muscles contain CGI-58 and G0S2 (19, 20). Fasting
tissues examined, although its expression in the adipose tissueiigreases CGI-58 expression in both skeletal and heart muscles
much higher than in the other tissues (5, Tk lipolytic activity (19). Skeletal and heart muscle CGI-58-deficient mice develop
of ATGL increases markedly when it binds to an activator proteinTG accumulation in each skeletal muscle type and in the
(a coactivator) termed comparative gene identification-58 (CGlmyocardium, respectivelfhe lack of CGI-58 did not &ct the
58) (19). CGI-58 is present in flifent tissues, including the in vitro triacylglycerol hydrolytic activities in skeletal muscle
skeletal and heart muscléd.basal conditionATGL, perilipin-1 homogenatesAlso, PRARa and PRRp/d-activated gene
(PLIN1, see below) and CGI-58 reside on the surface of a lipigxpression involved in mitochondrial fatty acid oxidation and
droplet, whereas HSis present in cytosol. Monoacylglycerol mitochondrial oxidation of 14C-labeled oleic acid in skeletal
lipase is found both in cytosol and on the LD surface. Re¢ently muscles remained stabldddition of recombinant CGI-58
selectiveATGL inhibitor has been discovered. It is a protein calledincreased triacylglycerol-hydrolytic activity of the muscle
GO0/G1 switch protein 2 (G0S2). It bindsADGL and inhibits its  homogenates similarly in the control and in coactivdeprived
activity. Overexpression of GO/G2 reduces lipolysis, whereas itsnice. Interestinglyexercise reduceG level in tibialis anterior
deletion augments the process (Z0)e discovery oATGL and muscle (only this muscle was examined) in the control but not in
its role in the initiation of lipolysis dethroned H3is the key the CGI-58 knockout micélhe exercise did not f&kt in vitro
enzyme in the process. HowevEISL plays a crucial role in the the triacylglycerol-hydrolytic activity of the muscle
activation of the second step of lipolysis, i.e. hydrolysis of DG tohomogenates. Howevéhe exercise increased the expression of
monoacylglycerol and a fatty acid. In H&hock-out mice, DG lipoprotein lipase mRNA&and CD36. Lipoprotein lipase is bound
accumulate in diérent tissues (21). Monoacylglycerol lipase to the endothelium and hydrolyses plasma triacylglyc@ials,
MRNA is expressed virtually in all tissues, with the highestit increases availability of fatty acids for the myocytes. CD36
expression in adipose tissu&he enzyme is specific for transports fatty acids across the plasma membi&merefore,
monoacylglycerol and it does not hydroly#® or DG It seemsto  the supply of plasma fatty acids to the contracting myocytes
be constitutively active since its activity is notfeafed by = compensates the lack of endogenous triacylglycerol hydrolysis.
hormones or other factors (4, 5, 22). Plasma free fatty acids entering the myocytes would maintain
the activity of the PRRa and PRR[/d and thus of the genes
involved in mitochondrial oxidation. It should be added that lack

SKELETAL MUSCLE TRIACYLGLYCEROLHYDROLYSIS of endogenous triacylglycerol utilization was also compensated
by increased glucose utilization in tA&@GL knockout group

Skeletal myocytes contain a relatively small amount of(37). As mentioned above, GOS2 inhibASGL in the adipose
triacylglycerol (TG).As in adipocytes, they are stored in lipid tissue. Very recently its role in the skeletal muscle was
droplets (LD).The myocyte contain several small LD, 0.3 — 1.5 examined in details. In mice, G0S2 content in the soleus
pm in size. There are two pools of LD in myocytes: (oxidative muscle, type | muscle) is higher than in the
subsarcolemmal (smaller) and interfibrillar @ar). LD are  gastrocnemius (a mixture of type lla and type lix fibers) and in
mostly found in the vicinity of the mitochondria (9, 23), and the extensor digitorum longus muscle (EDd composed
their content in type | fibers is two-three times higher than inpredominantly of type lIx fibers) (38). Recombinant human
type 1l fibers (24). Lipid droplets are movable (2Bhere is  GO0S2 reduceATGL activity in lysates of both mice soleus and
substantial evidence that mogt éntering the myocytes are first EDL and in human vastus lateralis. It also inhibited the control
esterified intoTG and moved to LD before oxidation (26-29). and CGI-58 stimulatedTGL activity in C0S-7 cell extracts
This proves the key role of LD inAFsupply for oxidationA overexpressing humaATGL. Overexpression of G0S2 in
combination of strength and endurance training was found tbluman primary myotubes resulted RG accumulation,
reduce the number of LD and their diameter in thereduction in lipolysis andAoxidation. On the contraryc0S2
subsarcolemmal region, and not téeaf these parameters in the knockdown in the cells activated lipolysis and fat oxidation.
intermyofibrillar region (23)After the discovery oATGL, its Knockdown of GOS2 andTGL resulted in the elevation iiG
presence was reported in the skeletal muscle of mouse (16), rabntent, blunted A release and oxidatiohe results clearly
(30, 31) and human (32-34The ATGL mRNA level in the indicate that GOS2 inhibits lipolysis indirectiphibiting ATGL
skeletal muscle accounts for approximately 25% of that in thectivity (38).
white adipose tissue (35, 36). In humakEGL was found only
in type | (oxidative) fibers (32)The reduction InATGL
expression was accompanied B elevation both in C2C12 EFFECTOF EXERCISE ON MUSCLRADIPOSE
myotubes andin vivo in the rat tibialis anterior muscle. TRIGLYCERIDE LIPASE, COMRARATIVE GENE
Overexpression of the enzyme in the cells and in the muscle wasIDENTIFICATION-58 AND GO/G1 SWITCH PROTEIN 2
accompanied by a reductionTi® content (30). Overexpression
of ATGL in cultured C2C12 myotubes increadéd turnover in It was reported that intramuscul@G are utilized during
the cells. It was accompanied by the enhanced activity oprolonged exercise both in human and rat musdlbs was
peroxisome proliferateactivated recepto®d (PPARS) and later questioned by some researches, whaeat that the early
upregulation of some t@et genes of this receptdts a result, data were obtained using biopsy samples of the muscles and thus
mitochondrial oxidative capacity increased. Long chain fattythe samples might have been contaminated with fat cells residing
acids are important activators of A#d. Therefore, the acids between the myocytes and along the vessels and nerves.



However histochemical data and results @G content  portion of the gastrocnemius and remained stable in the white
determination in isolated myocytes clearly confirmed thatportion of the latter The training but not acute exercise,
exercise increases the utilization of musbl® mostly in type |  increased the G0S2 content in the mitochondria of the red
fibers (39). However enzymes responsible for musclés gastrocnemius muscle (other muscle types were not examined in
hydrolysis had remained unknown until 1999 when Langébrd this respect).This would suggest that only chronic physical
al. (40) reported on the presence of hormone sensitive lipase xctivity is able to shift GOS2 to the mitochondria. AlGGL was

rat skeletal muscle$he activity of the enzyme in high oxidative found in the mitochondria (49). In humans, the content of G0OS2
muscles was much higher than in glycolytic muscles. Its activityprotein tightly correlates with the content of mustleGL, TG

in the incubated soleus was enhanced by adrenaline (40) amehd the activity of cytochrome oxidase (a marker of muscle
transiently by contractile activity (41)The researchers oxidative capacity). Endurance training increased the content of
concluded that hormone sensitive lipase (HSL) was the keys0S2 protein (38).

enzyme responsible for hydrolysis of mustl@ However the Certain hormones interfere with skeletal muscle
data obtained in human muscle were controverStatty min triacylglycerol metabolismTriiodothyronine, e.g. reduces the
exercise of moderate intensity was found to increase HSlcontent of triacylglycerol and elevates the content of
activity, which returned to normal after 60 min exercise (42).diacylglycerol in the soleus. It would suggest activation of
However increased activity of the enzyme after 60 min exerciseATGL by the hormone (50). Howevea role of hormones in

of similar intensity was also reported (43). On the other hand, segulation ofATGL activity in skeletal muscles remains to be
dissociation was observed between H@tivity and muscl@G elucidated.

mobilization during 90 and 180 min exercise of moderate

activity (44). Finally Alsted et al. (31) provided very strong

evidence for the crucial role ATGL in the activation of muscle SKELETAL MUSCLE PERILIPINS

TG lipolysis during exercise. Using the incubated soleus muscle

they found that: (a) electrical stimulation of the rat muscle  Skeletal muscle LD proteome contains over 300 proteins
produced reduction in the musclEG content, (b) acute (51).The perilipin (PLIN) family is the best investigated family
inhibition of HSL (by specific inhibitor of the enzyme) did not of the protein poolThere are five isoforms of PLIN, named
inhibit the muscleTG utilization during contractile activityc) PLINZ1, 2, 3, 4 and 5. PLIN1 has 3 isoformsB, C (52, 53). In

in the soleus of HSlknock-out mice the contraction-induced the adipose tissue, under basal lipolysis, CGI-58 is bound to un-
reduction in the muscl@G content, LD number and size was phosphorylated PLIN1 and is inactive (2-4). Lipolysis in the
similar to that in wild-type mice, (ATGL and HSLactivity adipose tissue is activated by fdilent factors and
accounted for about 98% of tofdaG hydrolase activity in the catecholamines are the principal oesa result of stimulation,
mouse muscleThe final conclusion was tha&TGL plays a  protein kinased (PKA) is activated and phosphorylates PLIN1
major role in muscleTG mobilization during exerciseThe and HSL. Phosphorylated PLIN 1 dissociates CGI-58. Released
discrepancy between the data reported by Langéosd. (41) CGI-58 bhinds toATGL and activates it (2-4). Phosphorylated
andAlsteadet al. (31) were ascribed (31, 45) tofdifences in  (active) HSL translocates to LD and hydrolyses DG (2-4).
the experimental protocol. Langfoet al. (41) measured HSL PLIN1 knockout mice are lean but have normal body weight.
activity after exercise using muscle lysatdlsteadet al. (31) The plasma free fatty acid level is normal and triacylglycerol
performed measurements on isolated intact muscle fibers of typsntent is somewhat higher that in control animalkey

I and Il, thus avoiding possible contamination with interfibrillar consume the same amount of food and have normal exercise
adipocytes. In the latter approach, lipid droplets and regulatoractivity (54). The skeletal muscles lack PLIN 1 (55-58),
adjacent proteins (CG1-58, GOS2 and perilipins) remained intaalthough some authors found very low expression of PLIN1 in
on the LD surfaceThis indicates that the maintenance of thethe muscles (59, 60). Howeyeit probably originates from
whole lipolytic system intact is necessary to evidence theadipose cells residing between muscle fib&he role of PLIN
lipolytic role of ATGL in lipolysis activation in the skeletal 2-5 in lipolysis regulation in the skeletal and heart muscle will
muscle. It is currently an accepted view that must@ be discussed below

hydrolysis is initiated by the action ATGL. As in the adipose Lack of PLIN1 in the skeletal muscles raises a question of
tissue, HSlwould hydrolyze DG an MG-lipase would hydrolyze how ATGL is activated in the muscles, both at rest and during
monoacylglycerols. contractile activity It is hypothesized that PLIN2, PLIN3 or

Up to now the mechanism &&TGL stimulation during  PLIN5 might play a key role of mediators in the process (61).
contractile activity has not been recognized. In the rat soleuslowever strong, direct proofs supporting this hypothesis are still
only low basal phosphorylation &TGL, PLIN3 and PLIN5S lacking. Several data have been accumulated so far regarding the
(see below) was reported. It remained unchanged either bgffect of exercise and training on the behavior of particular
treatment with adrenaline or by contractile activity (46), thusperilipins in diferent muscle typesThe mRNAexpression of
indicating that phosphorylation of the enzyme does not play anperilipins was reported in both types of human skeletal muscle
role in its activation in the skeletal muscle during exerdibe.  fibers.The expression of PLIN2-5 in type | fibers was higher than
contractile activity of the rat soleus muscle markedly enhanceth type |l fibers.The expression of PLIN3 was much lower than
the interaction betweeNTGL and CGI-58, suggesting a role of the expression of PLIN2, PLIN4 and PLIN5 (24, 61-6B)e
CGI-58 in the activation of the enzyme during contractions (47)strength training did not f&fct the expression of either perilipin
It should be added, howeyéhat in another study the elevation whereas endurance training doubled the expression of PLIN2 and
in the interaction betweekTGL and CGI-58 after contractions PLIN3 (60). Most of the PLIN2 present in skeletal myocytes
of the soleus was insignificant (46). colocalized LD, whereas the remaining part remained in the

In humans, endurance training increas®tGL protein cytoplasm (62, 64, 65). In PLIN2 knocked out C2C12 cells, LD
expression. It did not fct the expression of CGI-58 and HSL formation and TG storage were reduced and palmitate
(34, 48). In rats, endurance training increased the content dfcorporation into diacylglycerols and phospholipids was
proteinATGL in each muscle type, the increase being the highedghcreased. Overexpression of PLINZ2 in the cells as well as in the
in the white gastrocnemius. It did nofeadt the content of CGI- tibialis anterior muscleiff vivo) increased’G accumulation and
58 in either type of muscl&@he level of GOS2 protein increased oxidative capacity (66)The contractile activity of the isolated,
in muscles with high oxidative capacity i.e. the soleus and reéhcubated soleus muscle reduced the interaction between PLIN2



and ATGL, and increased the interaction betwedrGL and null LD, thus suggesting utilization of both pools of LD. No
CGI-58. These changes would facilitate lipolysis (4Xnother PLIN5-null LD was utilized during acute exercise after training.
proof for the involvement of PLIN2 in musclés mobilization It was concluded that the increased content of both PLIN2 and
was obtained in human skeletal muscle. One-hour exercise &fLIN5 following either training protocol promoted utilization of
moderate intensity reduced th& content in type | fibers by the muscleTG during exercise (63)Ageing was found to
50%, which was a consequence of a reduction both in LDncrease the expression of PLIN2 in human skeletal muscle,
intensity and sizeTG content in type Il fibers remained stable. whereas the expression of PLIN5S remained unchanged with age.
The exercise did not fafct the PLIN2 content in either type of Reduced mobility of hindlimbs in older subjects resulted in the
fiber. However the exercise reduced the number of LD elevation of PLIN2 expression and reduction in PLIN5S
associated with PLIN2 by approximately 30%, whereas theexpression. In mice, disuse caused by denervation increased the
number of PLIN2 null LD in type | fibers remained stable. No expression of PLIN2 and reduced the expression of PLINS.
such changes occurred in type Il fibérkis clearly indicates that Increased expression of PLIN 2 correlated with muscle strength
LD containing PLIN2 are preferentially utilized during exercise reduction and increased expression of selected factors involved in
(24).The results indicate that the presence of PLIN2 is necessamuscle atrophyThese data indicate a role of PLIN2 in the
to mobilizeTG stored in lipid droplets. Howeveso far the exact development of sarcopenia (78nother study showed that the
mechanism of its action has not been elucidated. content of PLIN2-PLIN5S proteins in women was higher than in

The presence of PLIN5 was found to be restricted to thanan and it was similar in obese and lean subjects. Endurance
tissues with high rate of lipolysis, including type | skeletal training increased the content of PLIN5 in both sexes. Only
muscle fibers and cardiac muscle (57, 65), which indicates it®LIN5 correlated with muscl€G volume.This further indicates
involvement in A oxidation. PLIN5 was present both on lipid a role of PLINS in the regulation of musdi& metabolism (72).
droplets as well in the cytosol (57, 65). Contrary to PLIN2,In one studyresearchers thoroughly examined human skeletal
PLIN5 was also found in the mitochondria (64, 67). Deletion ofmuscle PLIN4 to find that PLIN4 mRNAxpression in the
PLIN5 in mice reduce@G content and increased the content of muscle was higher than mRN&xpression of other perilipins.
ceramide and sphingomyelin in the soleus. It did not influencd’LIN4 was located mostly at or in close proximity to the
FA uptake, oxidation and incorporation inf& in the muscle. sarcolemmaThe content of PLIN4A mRNAn type | fibers was
Mitochondrial function also remained unchanged. Howeverhigher than in type Il fibers. In humans, combined endurance and
oxidation of TG-derived R increased (68). Overexpression of strength training reduced the expression of PLIN4 and PLIN2
PLIN5 in the rat anterior tibialis muscle increasé@ content  mRNA. There was a strong positive correlation between PLIN4
and LD size.The content oATGL protein increased, whereas expression and LD area at the sarcolemmal region, but not at the
that of CGI-58 protein remained stable in the muscle.interfibrillar LD area, at rest. ImportanflyPLIN4 mRNA
Mitochondria isolated from the muscle did not increage F expression correlated positivelyoth before and after training,
oxidation. Howeveroxidation of 14C-palmitate increased in the with  the level of phosphatydylethanolamine and
muscle homogenates containing PLIN5S coated Tiis would phosphatydylcholin€lThis suggests that PLIN4 may be involved
suggest that PLIN5 directs AFfrom lipid droplets to in phospholipid metabolism in the cells (60).
mitochondria. Overexpression of PLIN5 in the muscle increased The data presented above show that: (1) perilipins play an
the expression of PRa and peroxisome proliferat@rctivated  important role in the regulation of lipid metabolism in skeletal
receptor gamma co-activatorn 1(PGC1n) controlled genes muscle and (2) further extensive work is needed to clarify the
responsible for & oxidation (67, 69). In the isolated, incubated mechanism of their action.
soleus muscle, PLIN2, PIN3 and PLIN5 were found to interact
with ATGL at rest and the interaction was not changed after
contractile activity Only PLIN3 and PLIN5 interacted with HEART MUSCLE
CGI-58. In the case of PLIN2, the interaction witTGL
decreased after stimulationhe PLIN proteins were suggested The heart is continuously contracting and thus requires
to work together in the regulation of lipolysis (47). continuous, adequate supply with eyesubstrates. Under normal

At rest, the number of lipid droplets in the isolated rat soleudblood concentration,A=contribute to 60 — 70% of ergr supply
was observed to decrease exponentially from sarcolemma to thiee remaining part being covered mostly by glucose (74-76). Only
fiber center Electrical stimulation of the muscle decreased thesome of the & entering cardiomyocytes are directed to
content ofTG and changed the distribution of lipid droplets from mitochondria and oxidized. Most are esterified @before being
exponential to lineait did not afect the total content of PLIN2 oxidized. This indicates a role of intracellulafG in FA
and PLINS.The distribution of PLIN2 decreased exponentially metabolism in cardiomyocytes (75, 77), which sf®& in LD.
from sarcolemma to the fiber center at rest and after stimulatiorThe size of LD in cardiomyocytes is around 0.50 pum, being
The distribution of PLIN5 decreased linearly both at rest andsimilar to the size of LD in skeletal myocytes (7B)e level of
during stimulation. Colocalization of PLIN2, PLIN5 and lipid ATGL mRNAin the myocardium equals approximately 25% of its
droplets remained stable after stimulation. Howetleg exact level in the white adipose tissue (1Be lipolysis of endogenous
meaning of these observations still remains unclear (70). ITG in the heart was found to be processed by the same enzymes
human vastus lateralis, 55.4% of PLIN5 was found to colocalizes in other cell types (79). Howeyeertain specific features of
with LD and it did not change during 1 hour exerciakso, cardiacTG lipolysis regulation were revealed (79). Recent studies
colocalization of PLIN 5 with mitochondria was stabléhe showed that the heafiG does not only supply cardiomyocytes
content ofTG and PLIN5 remained stable after the exercise. Halfwith FA but also plays a role in the regulation of the heart function
of ATGL and 58.5% of CGI-58 colocalized with LD at rest and (80). ATGL knockout mice were observed to develop severe
the percentages remained stable during exercise (71). Both spriatcumulation o G in different tissues including the myocardium
interval (63) and endurance (63, 72) training increaf&d (81). In the latterit was a consequence of increased size and
content and expression of PLIN 2 and PLINS in vastus lateralisumber of LD so that the content ™ increased up to 20-fold.
muscle. Pre-training acute exercise reduced the number of PLIN&eatosis of the myocardium causeddi\GL deletion resulted in
and PLINS lipid droplets and it did notfaft the number of the myocardial fibrosis and severe reduction in the ejection fraction.
PLIN’s-null lipid dropletsThe same exercise after the two types It led to cardiac institiency and premature death of animals (81).
of training reduced the number of both PLIN2-LD and PLIN2- HSL knockout mice accumulated DG but ndG in the



myocardium, which points out to the role of the enzyme in theG0S2 function in the heart was provided by (9B expression
heart DG catabolism (21). Unlik&TGL knockout mice, mice of cardiac GOS2 mRNAvas stronger than its expression in the
lackingATGL in all tissues, with the exception of the heart, did notskeletal muscle. GOS2 expression in the heart was reduced by
accumulateTG in the myocardium and cardiac failure did not fasting and elevated over the fed state by subsequent re-feeding.
develop.The mice of both groups were not able to increase th&pecific overexpression of GOS2 in the myocardium increBSed
plasma R level during exerciséAs a result, they utilized more content in the heart over 20-fold and caused its getaentThe
glycogen and developed hypoglycemia during exercise (82). ITG-hydrolase activity in muscle homogenates was lower than in
ATGL-deficient mice, mRNAevels of PRRa/dtarget genes, and  control mice.This was a consequence ATGL inhibition by

the expression of PGGxland PGC-B decreased, which resulted GO0S2.The protein levels oATGL, HSL, MGLand CGI-58 were

in reduced substrate oxidationhis indicates that A& released similar to the values noted in control midéhe results clearly
from endogenous hedrG by ATGL action plays a crucial role in - showed that G0S2 is a stro®JGL inhibitor in the heart.
PRARa/d (83). Cardiac specifidTGL ablation also resulted in  Overexpression of GOS2 induced elevation in the heart mass but
myocardial steatosis and hypertrophic remodeling, but it produceits contractile ability remained stablEhe whole body of G0S2
only moderate heart contractile dysfunction. Both oxidation andnock-out mice had unchanged heart structure and function (90).
incorporation of oleate intdG were reducedlhe expression of Tachycardia was shown to induce changes in the content of heart
mRNA PRARa and PRRa tamet genes remained stable in fed diacylglycerol and triacylglycerol (91). Howeyemo data are
animals but it was reduced after 12 h fasting. Mitochondrialavailable on déct of tachycardia on the heATGL activity.
morphology remained unchanged but their ability to proéddde

decreasedThe level of ceramide and long-chain acyl-CaAs

stable (84). Further studies provided more data on the role of heart HEART PERILIPINS
TG in the regulation of the heart function. Heart speéfiGL
overexpression increased G-hydrolase activity in the There are only a few data on the role of perilipins in the

myocardium nearly 6-fold and reduced fhé content. It also heart. PLIN5 knockout mice do not contain LD in
preventedl G accumulation in the heart, caused by fasting. Heartardiomyocytes and they have low&G level. Therefore,
expression of PLIN5 was reduced and the level of DG andPLIN5 is needed to maintain LD in the cells. Cardiomyocytes
ceramide remained stable. Cardiac systolic function wassolated from PLIN5-lacking mice take up similar amounts of
moderately improved.The exercise capacity of the mice FA to cardiomyocytes obtained from wild type mice. However
increasedThe contractile response of isolated cardiomyocytes tahey oxidize more & at the expense of their incorporatiorT@.
isoproterenol increasedARiptake (oxidation + incorporation into Lack of PLIN5 was found to increase the production of reactive
TG) was reduced but glucose usage increa3bée. mMRNA  oxygen species (92). Overexpression of PLIN5 in the heart
expression of PFRa/d target genes involved indoxidation and  resulted in an increase in the size and number of LD and severe
mMRNA expression of PGCellwas reduced. Heart-specifid GL steatosis. In spite of that, the cardiac function remained only
overexpression protected against systolic dysfunction andhildly impaired (93, 94)The activity ofTG-hydrolase and the
pathological remodeling of the gan under chronic pressure content of ATGL and CGI-58 protein were elevated. LD of
overload produced by constriction of the aorta in mice (85). In &2LIN5 overexpressed COS-7 cells were partially resistant to the
study on rats, cardiac hypertrophy being a consequence of chroraction of ATGL. This would indicate that PLIN5 blocked the
pressure overload (produced by means of constriction of thaccess of the enzyme t6G stored in LD (93). PLIN5S
abdominal artery) caused a marked reduction in the Ag&t overexpression reduced the expression &P PGCh and
protein level andTG-hydrolase activity elevation inTG and 3, and their taget genes involved in A= oxidation. In
ceramide contentAlso in vitro, phenylephrine (an alpha 1 consequence, the function of mitochondria was impaifads
adrenegic receptor agonist) produced hypertrophy of was most likely due to reduced availability of fatty acid ligands
cardiomyocytes. OverexpressionAGfGL in the cells reduced the that are necessary to activateARR (93, 94). Howeverthe
effect of phenylephrineThe level of ceramide increased in mechanism of PLIN5 action on cardida& lipolysis remains
hypertrophic heartd'he increased content of ceramide could be,obscure. PLINS may be phosphorylated by protein kirfase
at least partially responsible for the induction of cardiac (PKA) (46, 68, 95). It has been shown recently that at the basal
hypertrophy (86). It should be added, howettat the reduction  state, PLINS binds both CGI-58 and HSL. Upon stimulation (i.e.
in the content ofATGL in the hypertrophied heart was not by fasting) the cellular level of cAMIAcreases, which leads to
confirmed by (87). In the latter studje protein level of CGI-58 PKA activation Activated PKAphosphorylates PLIN5S (at serine
remained stable and the level of GOS2 increased in th&55) and HSL. It was hypothesized that phosphorylated PLIN5S
hypertrophied hearts. Cardiac speci€GL overexpression in  dissociates CGI-58. Released CGI-58 boundAfdGL and
mice with type 1 diabetes prevented accumulatiom®fin the  increased the activity of the enzyme (96).

myocardium, lipotoxicity and reduction in the cardiac function  The role of other PLIN in the regulation of cardidG
(88). Cardiac ATGL overexpression also preventetiG utilization remains unknowrThe only exception is a report on
accumulation in cardiomyocytes and development of hearPLIN4 action. PLIN4 knockout mice were found to I0B&
insufiiciency in obese mice (89). In the rat, endurance training didrom the heart (but not from the soleus). Lack of PLIN4
not afect the heath\TGL and GOS2 protein levels, but it increased prevented lipid accumulation in the heart during fasting as well
CGI-58 protein level (87). Reports published so far have clearlyprotected the heart from steatosis produced by high-fat diet or
indicated a crucial role of CGI-58 WI'GL activation and GOS2 removal of leptinThe heart function remained unchanged (97).
in the inhibition ATGL activity in the heart. In the heart and

skeletal muscle of CGI-58 knockout miéd,GL protein content

in the myocardium was elevated. In spite of that, they developed NEUTRAL LIPID STORAGE DISEASES
cardiac steatosis, hypertrophy and dysfunctidddition of
recombinant CGI-58 to the myocardial lysates restored Neutral lipid storage diseases (NLSD) is a group of rare

hydrolytic activity The expression of PRa andp/d dependent  genetic disordered featured by the accumulation of
genes was impaired, leading to impaifB@ metabolism and triacylglycerol in diferent tissues, including skeletal and heart
mitochondrial R oxidation (37)This indicates a key role of CGI- muscles (98)A form of NLSD accompanied by myopathy is
58 in the activation oATGL in the heartA detailed description of called NLSD with myopathy (NLSDM). It is caused by



mutations in PNPLA2 gene encoding adipocyte triglyceridea key role in DG hydrolysisA crucial role of CGI-58 in the

lipase (AGL) (99). Another form of the disease, caused by activation and GOS2 in the inhibition ATGL has been proved.

mutations in the gene, was described by Hirtrab. (100, 101). Many data have been collected on the role of perilipins in the

It is manifested by massive accumulation of triacylglycerol inregulation ofTG metabolism in the muscles. Intracellula®

the myocardium and coronary arteries, and is named triglyceridmetabolism has been shown to be strongly related to the cardiac

deposit cardiomyovasculopathy (TGC¥Jso, a form of NLSD  function.The discovery oATGL, CGI-58, GOS2 and perilipins

accompanied by ichthyosis, hepatomegaly and mild myopathias opened a new window in our understanding of the process
was identified and called NLSD with ichthyosis (NLSDI) or of lipolysis not only in the adipose tissue but also in other cell

Chanarin-Dorfman syndromeThe disorder is caused by types. Howeverthe knowledge in the area is still limited.

mutations in the gene encoding CGI-58, REGL activating Especially further studies are needed to better investigate the

protein (102, 103). Diérent clinical symptoms have been physiology of perilipins and other proteins present in the lipid
associated with the diseases, including skeletal and heart musaeoplet coat. It is necessary to recognize whether perilipins (and
myopathy liver damage, ataxia, hearing loss, ichthyosis,other lipid droplet proteins) are involved in the pathophysiology
cataract, nystagmus, strabismus and sometimes mentaf diseases, and research in this direction would also be needed.
retardation (104). Regarding the skeletal muscle, the symptomé/e still know too little on the regulation &TGL activity in
appear in the third decade and involve both upper and lowetifferent cell types. It should be presumed that CGI-58 and
limbs, proximal and distal muscle weakness, asymmetricaGOS2 are not the only proteins involved in the process.
distribution of muscle weakness, severe deltoid muscleHowever it is obvious that much more work is required to fully
weakness, absence of facial weakness and swallowinglarify the issue. Certainlyit is a very promising area of
difficulties (105). Cardiac myopathy may be so severe thatesearch and future results may have important practical
patients may even require heart transplantation (100). implications. Hopefullythey may allow for the development of

Metabolic studies have provided some important data on tha new strategy to treat metabolic disturbances of fat metabolism
regulation of triacylglycerol metabolism in patients with genein different tissues.

mutations. Cultured fibroblasts obtained from NLSDM patients

showed severely reduced triacylglycerol breakdown rate and Abbreviations: ATGL, adipose triglyceride lipase; HSL,

deficiency in LD-bound neutral lipase activity (99). In the hormone sensitive lipase;TG, triacylglycerol; DG

myocardium, samples obtained froRGCV patients showed diacylglycerol; MG monoacylgycerol; LD, lipid droplet; A&

enormous accumulation of triacylglycerols, and elevation in theatty acids; CGI-58, comparative gene identification 58; G0S2,

expression of mRNAf the peroxisome proliferat@ctivated  GO0/G1 switch protein 2; PLIN, perilipins; RR, peroxisome
receptorsa andy as well mMRNAof CD36 and RBP-4 (the  proliferator activated receptor; PGC, peroxisome proliferator
transmembrane long-chain fatty acid transporters). Furthermorectivated receptor gamma coactivator; NLSD, neutral lipid
fibroblasts obtained from the skin of the patients showedstorage diseases

increased uptake of long chain fatty acids and elevation in their

incorporation into lipid droplets. Interestinglin the heart of Acknowledgments: This work was supported by Medical

ATGL knockout mice the expression of the above genes wabniversity of Bialystok, grant no N/ST/ZB/16/00818B.

reducedA reason for the diérence remains unelucidated (101).

A pulse-chase study with fluorescent 1-pyrenedecanoic acid on Conflict of interests: None declared.

fibroblasts and myoblasts obtained from NLSDM patients

showed reduced clearance of the acid as compared to control

cells, thus indicating reduced lipolysis rafetivation of the

beta adrengic receptors with clenbuterol increased the rate of

triacylglycerol lipolysis in fibroblastsThis suggests that 1. Ahmadian M\WangY, Sul SH. Medicine in focus: lipolysis

hormone sensitive lipase remains active in the cells (106). Other in adipocytesint J Biochem Cell Biol 2010; 42: 555-559.

PNPLA2 mutations resulted in the productionA@iGL able to 2. Zechner R, Zimmermann R, Eichmafdi©, et al. FAT

bind to lipid droplets but having low lipolytic activity (107, 108), SIGNALS-lipases and lipolysis in lipid metabolism and

which was confirmed by another study (109he patient signaling.Cell Metab 2012; 15: 279-291.

examined in the latter study $eifed from myopathy but had 3. Bolsoni-LopesA, Alonso-Vale MI. Lipolysis and lipases in

normal content of neutral fat in the skeletal musdles. authors white adipose tissue - an updafech Endocrinol Metab

concluded that overloading of skeletal myocytes with fat is not  2015; 59: 335-342.

the only reason of myopathyn a patient with NLSDM and 4. NielsenTS, Jessen N, Jpensen JO, Moller N, Lund S.

TGCV, triacylglycerol accumulated both in the skeletal and heart  Dissecting adipose tissue lipolysis: molecular regulation and

muscle (10). implications for metabolic diseas&Mol Endocrinol 2014;
The results obtained in humans with NLSD provided clear 52: R199-R222.

support for the role AATGL in the regulation of triacylglycerol 5. LassA, Zimmermann R, Oberer M, Zechner R. Lipolysis -

lipolysis. They also showed diversity and complexity of the a highly regulated multi-enzyme complex mediates the

mutations in the genes and their clinical consequences. catabolism of cellular fat storeBrog Lipid Res 2011; 50:
14-27.

6. Suzuki M, ShinoharaY, OshakiY, Fuimoro T. Lipid
droplets: size matters.Electron Microsc 2011; 60: S101-
S16.

The results obtained over the last 12 years havé. Ernestania Chave¥, Frasson D, Kawashita NH. Several
revolutionized our knowledge on the regulation of lipolysis in  agents and pathways regulate lipolysis in adipocytes.
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