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Lysosomes are the primary degradative organelles essen-
tial  for  the  maintenance  of  metabolic  homeostasis  and 
health. Bis(monoacylglycero)phosphate (BMP), also known 
as  lysobisphosphatidic  acid,  is  a  phospholipid  highly  en-
riched  in  the  intraluminal  vesicles  (ILVs)  of  late  endo-
somes/lysosomes  (1)  and  plays  a  key  role  in  lysosomal 
cargo sorting. BMP is a structural isomer of phosphatidylg-
lycerol that harbors one FA at each of the two glycerol moi-
eties.  It  has  a  unique  sn-1-glycerophospho-sn-1′-glycerol 
stereoconformation, making it highly resistant to degrada-
tion by phospholipases of acidic organelles (2). Because it 
is negatively charged at a lysosomal pH, it can act as a dock-
ing  platform  that  recruits  positively  charged  lipid hydro-
lases to ILVs, thereby facilitating the degradation of lipid 
cargo (3). Additionally, BMP  is  an  important cofactor  in 
lysosomal cholesterol and sphingolipid metabolism through 
its interaction with cholesterol transport and sphingolipid 
activator proteins (4, 5). BMP is considered on the basis of 
these versatile functions to be a key activator of lipid sort-
ing and digestion (6). Recent data also suggest that BMP is 
a cofactor for heat shock protein 70, a chaperone that pro-
motes cell survival by inhibiting lysosomal membrane per-
meabilization (7).
Changes in the cellular BMP content reflect ILV forma-

tion  and  degradation  in  acidic  organelles  and  therefore 
indicate  an  altered  metabolic  activity  of  endolysosomal 
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compartments. Little is known about the physiological reg-
ulation of BMP. However, under pathophysiological condi-
tions,  BMP  concentrations  are  increased  in  numerous 
lysosomal storage disorders (8) that can be caused by muta-
tions in genes encoding lysosomal enzymes or as a side ef-
fect of drugs characterized by hydrophobic ring structures 
and side chains with a cationic amine group. These “cat-
ionic  amphiphilic  drugs”  comprise many  pharmacologic 
agents, including antibiotics, antidepressants, antiarrhyth-
mics, cholesterol-lowering agents, and others (9). They ac-
cumulate  in  lysosomes  and  disturb  lipid  degradation, 
possibly  by  interacting with negatively  charged BMP  (6). 
Genetic  as  well  as  drug-induced  lysosomal  storage  disor-
ders are associated with increased BMP concentrations in 
tissues and in the circulation, which is utilized  in clinical 
practice as a biomarker for the diagnosis of these disorders 
(10). We recently demonstrated that high-fat-induced met-
abolic disease is also associated with elevated hepatic and 
circulating BMP  concentrations  (11).  Furthermore,  pub-
lished data demonstrate that excessive dietary lipids cause 
lysosomal lipid storage and BMP accumulation in the kid-
ney (12). These changes possibly reflect adaptations to the 
dietary  lipid  overload  causing  an  enhanced  lipid  flux 
through lysosomes, and on the basis of its versatile function 
in cargo sorting, it can be assumed that BMP is synthesized 
to  facilitate  metabolite  flux  through  the  disturbed  lyso-
somal compartment. Accordingly, it was demonstrated that 
increased BMP levels induce cholesterol clearance in Nie-
mann-Pick C disease  in  vitro and  in  vivo (13). Niemann-
Pick  C  disease  is  characterized  by  the  accumulation  of 
unesterified cholesterol in late endosomal/lysosomal com-
partments (14) and is caused by mutations in the choles-
terol  transport  proteins  NPC1  or  NPC2.  Interestingly, 
increased BMP levels counteract cholesterol accumulation 
in cells lacking functional NPC1 but not NPC2, indicating 
that the interaction of BMP with NPC2 is essential for pro-
moting cholesterol clearance (15).
Despite its importance in cellular physiology and its as-

sociation with human disease, the molecular basics of BMP 
metabolism  and  its  regulation  remain  elusive.  To  obtain 
fundamental  insights  into  the physiological  regulation of 
BMP, we studied the effects of nutritional and metabolic 
factors on BMP content and FA profiles. Drastic changes 
upon fasting and cold exposure implicate that BMP is im-
portant in the functional adaptation to changing metabolic 
conditions.

MATERIALS AND METHODS

Animals
Animal  experiments  were  approved  by  the  Austrian  Federal 

Ministry for Science, Research, and Economy and the ethics com-
mittee  of  the University  of Graz  and  conducted  in  compliance 
with  the  Council  of  Europe  Convention.  C57Bl6/J  mice  were 
bred and maintained on a regular light-dark cycle (14 h light, 
10 h dark) at 22 ± 1°C in a specific pathogen-free barrier facil-
ity. A standard laboratory chow diet (R/M-H Extrudate; Ssniff 
Spezialdiäten GmbH, Soest, Germany) and drinking water were 

provided  ad  libitum  unless  otherwise  indicated.  Age-matched 
male mice were used for all studies.

Isolation of hepatocytes and NPCs
Primary mouse hepatocytes and nonparenchymal cells (NPCs) 

were  isolated  as  described  previously  with  some  modifications 
(16). In brief, mice were anesthetized, and the abdomen was sur-
gically opened by a vertical incision. The liver was perfused via the 
portal vein with Krebs-Henseleit buffer (without Ca2+ and SO4

2) 
for  5 min,  followed  by  a  perfusion with Krebs-Henseleit  buffer 
containing 0.2 mg/ml collagenase type CLS II (Worthington Bio-
chemical  Corporation,  Lakewood,  NJ),  2%  BSA,  and  0.1  mM 
CaCl2 for 10 min. Thereafter, the liver was excised and disrupted, 
and  the  cell  suspension was  passed  through  gauze  and filtered 
through a 70 µm cell strainer. Hepatocytes were separated from 
NPCs by centrifugation at 50 g for 3 min at 4°C. The NPC fraction 
was pelleted by centrifugation at 900 g for 5 min at 4°C. Both cell 
fractions were washed twice with PBS before use.

Separation of brown adipose tissue into adipocyte and 
stromavascular fractions
Fresh brown adipose tissue (BAT) depots were collected and 

freed from white adipose tissue (WAT). BAT was finely minced 
into small pieces and digested using collagenase type CLS II (1 
mg/ml; 332 U/mg) and Dispase II (3.3 mg/ml; 0.9 U/mg; Sigma-
Aldrich, St. Louis, MO) dissolved in PBS supplemented with 10 
mM CaCl2 for 45–60 min at 37°C and 110 rpm. Enzymes were in-
activated by the addition of DMEM containing 10% FBS. Cell sus-
pensions were  then filtered  through a 100 µm cell  strainer. To 
fractionate different cell types, cell suspensions were centrifuged 
for 10 min at RT and 200 g, and floating brown adipocytes were 
collected. To pellet cells from the stromavascular fraction, the re-
maining cell suspensions were centrifuged for 10 min at RT and 
1,000 g. Supernatants were disposed, and the cells were  treated 
with erythrocyte lysis buffer (154 mM NH4Cl, 10 mM KHCO3, 0.1 
mM EDTA, pH 7.4) for 2 min and then washed with PBS. Frac-
tionation  of  BAT  from  fed  and  fasted  mice  was  performed  in 
parallel.

Isolation of pancreatic endocrine and exocrine cells
The pancreas was injected with 3 ml of 1.7 mg/ml Collagenase 

P (Sigma-Aldrich) in HBSS, removed, and incubated at 37°C for 
20 min. To deactivate  the collagenase,  the pancreas was shortly 
vortexed with HBSS containing 10% FCS and  then centrifuged 
three times at 200 g for 2 min. Afterward, the digested pancreas 
was passed through a 500 µm cell strainer and centrifuged at 200 
g for 2 min. The pellet was resolved in HBSS, and endocrine and 
exocrine cells were separated by density gradient in Histopaque 
(Sigma-Aldrich). After centrifugation, endocrine and exocrine cells 
were  collected  and  washed  with  HBSS  three  times.  Exocrine 
cells  were  immediately  stored  at 80°C  before  use.  Endocrine 
cells (pancreatic islets) were handpicked under a microscope and 
immediately stored at 80°C before BMP analyses.

In vivo macrophage depletion
Mice were intravenously treated with 100 µl Clodrosome® (li-

posomal clodronate; Encapsula NanoSciences, Brentwood, TN) 
or  Encapsome®  (control  liposomes;  Encapsula  NanoSciences) 
on day 1 and day 3, and tissues were excised on day 5. For relative 
gene expression analyses, liver and spleen RNA were used to pre-
pare cDNA. To avoid DNA contaminations, 2 µg RNA were di-
gested with 1 U/ml DNase I (Invitrogen, Carlsbad, CA) at 25°C 
for 15 min followed by heat inactivation of the enzyme at 65°C 
for 10 min. Thereafter, 1 µg RNA was transcribed using ran-
dom primers and a High-Capacity cDNA Reverse Transcription 
Kit  (Thermo Fisher Scientific, Waltham, MA). Eight  to  forty 



Metabolic regulation of bis(monoacylglycero)phosphate 997

nanograms of cDNA were used for the PCR reaction using 10 
pmol  of  forward  and  reverse  primers,  Maxima  SYBR  Green 
(Fermentas; Thermo Fisher Scientific), and the StepOnePlus 
Real-Time  PCR  System  (Thermo  Fisher  Scientific).  Relative 
gene  expression was  analyzed using  the DD-Ct method  (17) 
and  normalized  to  36B4.  The  following  primers  were  used: 
F4/80  forward:  5′-GGATGTACAGATGGGGGATG-3′;  F4/80 
reverse:  5′-CATAAGCTGGGCAAGTGGTA-3′;  36B4  forward: 
5′-GCTTCATTGTGGGAGCAGACA-3′;  and  36B4  reverse:  5′- 
CATGGTGTTCTTGCCCATCAG-3′.

Immunoblotting
Tissues were homogenized in buffer A (250 mM sucrose, 1 mM 

dithiothreitol, 1 mM EDTA, 20 µg/ml  leupeptin, 2 µg/ml anti-
pain, 1 µg/ml pepstatin, and Roche PhosphoSTOP) centrifuged 
at 1,000 g for 10 min, and 20 µg protein from the infranatant was 
subjected to SDS-PAGE, transferred to a PVDF membrane (Karl 
Roth GmbH, Karlsruhe, Germany), and blocked with 10% blot-
ting-grade milk powder (Karl Roth GmbH) in TST (50 mM Tris/
HCl, 0.15 M NaCl, 0.1% Tween-20, pH 7.4). Membranes were 
incubated  with  antibodies  against  phospho-AKT  (Ser473;  Cell 
Signaling Technology, Danvers, MA) (#9271), AKT (pan; Cell Sig-
naling Technology)  (#4691), GAPDH (#2118S)  (Cell  Signaling 
Technology), or UCP-1 (ab10983; Abcam, Cambridge, UK) pre-
pared in 5% milk powder in TST. Antibody binding was detected 
with anti-rabbit HRP-linked secondary antibody (PI-1000; Vector 
Laboratories, Burlingame, CA)  in 5% milk powder  in TST and 
visualized using Clarity Western ECL Substrate  and  the Chemi-
Doc Touch Imaging System (Bio-Rad, Hercules, CA).

Targeted BMP analysis
Total lipids of weighed tissue explants were extracted twice ac-

cording to Folch et al. (18) using 4 ml chloroform-methanol (2:1; 
v/v)  containing  500 pmol  butylated hydroxytoluene,  1% acetic 
acid, and 150 pmol internal standard (14:0-14:0 BMP; Avanti Po-
lar Lipids, Alabaster, AL) per sample. Extraction was performed 
under constant shaking for 90 min at RT. After the addition of 
800 µl dH2O and further incubation for 30 min at RT, samples 
were centrifuged at 1,000 g  for 15 min at RT to establish phase 
separation. The lower organic phase was collected, 2.5 ml chloro-
form was added to the remaining aqueous phase, and the second 
extraction was performed as described above (30 min at RT with 
subsequent  centrifugation).  Combined  organic  phases  of  the 
double extraction were dried under a stream of nitrogen and re-
solved  in  200  µl methanol/2-propanol/water  (6:3:1;  v/v/v)  for 
UPLC/MS analysis.
Chromatographic separation was modified according to Knit-

telfelder et al. (19) using an ACQUITY-UPLC system (Waters Cor-
poration, Milford, MA) equipped with a Kinetex C18 column (2.1 
× 50 mm, 1.7 µm; Phenomenex, Torrance, CA) starting a 15 min 
linear gradient with 100% solvent A [methanol-H2O (1/1; v/v), 
10 mM ammonium acetate,  0.1%  formic  acid,  and 8 µM phos-
phoric acid], allowing baseline separation of isomeric phosphati-
dylglycerol and BMP species.
An  EVOQ  Elite™  triple  quadrupole  mass  spectrometer 

(Bruker, Billerica, MA) equipped with an ESI source was used for 
detection. Distinctive  fragmentation was achieved  for BMP (see 
below)  and phosphatidylglycerol  (respective diacylglycerol  frag-
ment) in the positive ionization mode. BMP species were analyzed 
by selected reaction monitoring using the generic mass transition 
[MNH4]+/[RCOO+58]+  (of  the  respective esterified FA) as  the 
transition (23 eV collision energy, 150 ms dwell time, 0.7 resolu-
tion for Q1/Q3). Data were normalized for recovery, extraction, 
and  ionization efficacy by  calculating  analyte/internal  standard 
ratios; quantified via external calibration using BMP 36:2 (Avanti 
Polar Lipids); and expressed as mol/g tissue.

Statistical analysis
Figures  were  prepared  using  GraphPad  Prism  8  (GraphPad 

Software, San Diego, CA). Data sets are presented as means ± SDs. 
Statistical significance between two groups was determined by a 
Student’s  unpaired  t-test  (two-tailed)  or  ANOVA  followed  by  a 
Bonferroni or Dunnett’s post hoc test for multiple comparisons. P 
< 0.05 was considered statistically significant.

RESULTS

Tissue BMP content and FA composition are regulated by 
fasting and refeeding
To obtain basic  insights  into the nutritional regulation 

of BMP, we first determined BMP concentrations in tissues 
of  fasted and 2 h refed mice. Tissues  showed  large varia-
tions in BMP content, with the highest abundance in BAT 
and  lowest  abundance  in  skeletal  muscle  in  fasted mice 
(Fig. 1A). Refeeding decreased  total BMP  levels  in BAT, 
inguinal WAT, the kidney, the pancreas, and skeletal mus-
cle,  whereas  increased  levels  were  observed  in  the  brain 
and small intestine (Fig. 1A). The most abundant BMP spe-
cies detected in mouse tissues are shown in Fig. 1B. BMP 
was  predominantly  esterified  with  oleic  acid  (present  at 
36:2, 36:3, 36:4, 40:7, and 38:5),  linoleic acid (present at 
36:3, 36:4, 38:6, and 40:8/2), and DHA (present at 40:7, 
40:8/2,  and 44:12). Refeeding caused a  shift  to a higher 
chain length and higher degree of unsaturation.
Notably, tissues strongly differed in BMP FA composition. 

The brain and testis almost exclusively contained BMP es-
terified with DHA (44:12) (Fig. 1C, D), while BAT, inguinal 
WAT, gonadal WAT,  cardiac muscle,  and  skeletal muscle 
contained mostly BMP species esterified with  linoleic and 
oleic acid (Fig. 1E–I). All other investigated tissues, includ-
ing the stomach, liver, kidney, pancreas, lung, small intes-
tine, adrenal gland, and spleen, contained 36:2/3/4 as well 
as species with higher chain lengths and degrees of unsatu-
ration  (Fig.  1J–Q).  The  relative  tissue-specific  changes  in 
the BMP profile induced by the refeeding of fasted mice are 
summarized in Fig. 1R. Most notably, oleic and linoleic acid 
containing subspecies were decreased, whereas DHA con-
taining subspecies were elevated in most tissues.

Insulin treatment does not reproduce the refeeding-
induced changes in tissue BMP levels
The observed effects of refeeding on tissue BMP profiles 

indicate  that  BMP metabolism  is  regulated  by metabolic 
hormones  secreted postprandially,  such as  insulin. Thus, 
we compared the effects of insulin treatment and refeed-
ing in selected tissues. The effect of insulin was verified by 
the measurement of blood glucose concentrations, which 
were decreased by 30% 2 h after injection (93 ± 15 vs. 67 ± 
5 mg glucose/dl; P < 0.05).
To compare insulin and refeeding effects in different tis-

sues,  we  analyzed  phosphorylation  of  the  major  down-
stream protein kinase AKT at serine 437, which is involved 
in  the  regulation  of  lysosomal  biogenesis  (20,  21)  and 
therefore possibly also in the control of BMP metabolism. 
Refeeding  enhanced  AKT  phosphorylation  in  the  liver, 
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pancreas, and BAT but not in the brain and kidney (Fig. 
2A, B). Under these conditions, all tissues except the brain 
exhibited reduced BMP levels (Fig. 2C). Insulin treatment 
was associated with a significant increase in AKT phosphor-
ylation in the liver and pancreas (Fig. 2A, D) but had only 
moderate effects on BMP levels  in most tissues (Fig. 2E). 
Only BAT exhibited reduced BMP levels similar to the lev-
els observed upon refeeding (Fig. 2E), but this was not as-
sociated  with  increased  AKT  phosphorylation  (Fig.  2D). 
Thus,  insulin  treatment  is  not  sufficient  to  reproduce 
refeeding-induced  effects,  and  AKT  activation  does  not 
correlate  with  changes  in  BMP  levels.  This  suggests  that 
BMP is regulated in a more complex manner, likely involv-
ing other hormonal and/or metabolic signals.

Fasting increases BMP in hepatocytes but not in 
nonparenchymal cells
The  tissue  BMP  profile  reflects  all  resident  cell  types, 

and published data suggest that BMP is strongly enriched 

in macrophages (22), suggesting that tissue BMP concen-
trations could strongly reflect the macrophage content of 
tissues. To obtain insights into the suborgan distribution of 
BMP, we first investigated the contribution of macrophages 
to whole tissue BMP content in the liver, which possesses 
a  relatively  high  abundance  of  resident  macrophages 
(Kupffer cells). For this purpose, we treated mice with Clo-
drosome  (liposomal  clodronate),  which  selectively  de-
pletes macrophages.  As  indicated  by  the  expression  of 
the macrophage-specific marker F4/80, Clodrosome treat-
ment almost completely depleted liver macrophages (Fig. 
3A), but total hepatic BMP content remained unchanged 
compared  with  vehicle-treated  controls  (Fig.  3B).  How-
ever,  macrophage  depletion  caused  a  moderate  shift  to 
BMP with a higher FA chain length and unsaturation (Fig. 
3C). These observations suggest that liver macrophages do 
not substantially affect whole tissue BMP content.
To further study the regulation of hepatic BMP levels, we 

compared  the  hepatic  BMP  content  of  fasted  and  refed 

Fig. 1.  Tissue distribution and nutritional regulation of BMP content and FA composition. Tissue samples were obtained from mice fasted 
for 14 h (n = 5) or refed for 2 h after fasting (n = 5). A: The total BMP content of tissues was calculated as the sum of all BMP species shown 
in B. B: The relative abundance of molecular subspecies of BMP was calculated from all analyzed tissues shown in A. The structure of BMP 
34:2 is shown in the insert. C–Q: BMP species distribution in tissues of fasted and refed mice. Lipid species are annotated as summarized 
carbon atoms:double bonds of the attached acyl chains. Data are presented as means ± SDs. Statistical significance was evaluated by an un-
paired two-tailed Student’s t-test (*P < 0.05, **P < 0.01, and ***P < 0.001). R: Relative changes in BMP subspecies among all tissues upon 
refeeding. Bubble diameters indicate the relative mean quantity of BMP subspecies in the respective tissue.
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mice  to ad  libitum  fed mice (fed). Fed mice exhibited a 
reduction in BMP content compared with 2 h refed mice 
(Fig. 3D), suggesting that BMP degradation and remodel-
ing is not completed after 2 h of refeeding. Next, we sepa-
rated liver tissues from fasted and fed mice into parenchymal 
and NPCs. Notably, hepatocytes prepared  from  fed mice 
showed an 80% reduction in total BMP content compared 
with hepatocytes  from fasted mice (Fig. 3E) due to a de-
crease in all detected BMP species (Fig. 3F). In contrast to 
hepatocytes, total BMP levels in NPCs were not affected by 
the  nutritional  state  (Fig.  3E). However,  NPCs  from  fed 
mice showed a moderate shift to a shorter FA chain length 
and higher degree of  saturation  (Fig.  3G). The BMP FA 
composition was similar in hepatocytes and NPCs, with the 
exception of  36:2  representing  an NPC-enriched  subspe-
cies  (Fig.  3F, G).  In  the  fed  state, NPCs  exhibited 9-fold 
higher  total BMP  levels  than hepatocytes  (Fig.  3E). This 
suggests that NPCs substantially contribute to total hepatic 
BMP content. However, it must be considered that hepato-
cytes and NPCs constitute 80% and 6.5% of the liver vol-
ume, respectively (23). Based on the total BMP content in 
the hepatocyte and NPC fractions, we calculated that hepa-
tocytes contain 79 ± 3% of total liver BMP in the fed state 
and 93 ± 2% in the fasted state.

The nutritional state drastically affects BMP levels of 
pancreatic endocrine and exocrine cells
The central role of the pancreas in the regulation of 

energy homeostasis and the strong nutritional effect on 
pancreatic BMP levels (Fig. 1L) prompted us to investi-
gate whether the nutritional state affects the BMP con-
tent of the endocrine and exocrine cells of the pancreas. 
As shown in Fig. 4A, we observed drastic differences in 

pancreatic islets isolated from fasted and fed mice. Com-
pared with the fasted state, islets from fed mice exhibited 
a 96% decrease in total BMP content, with a reduction 
in  all BMP  species  except  44:12  (Fig.  4B). We  further 
analyzed total BMP content (Fig. 4C) and BMP subspe-
cies (Fig. 4D) of exocrine cells and found a similar but 
less  pronounced  difference  in  fed  and  fasted  mice. 
These results suggest that fasting strongly stimulates the 
formation of BMP-containing vesicles in endocrine and 
exocrine cells.

Housing temperatures regulate the BMP levels of BAT
BAT  is crucial  for  thermal adaptation  to ambient  tem-

peratures and among the tissues with the highest BMP con-
tent (Fig. 1A). To investigate the suborgan distribution of 
BMP in BAT, we separated BAT into adipocytes and stro-
mavascular  fraction. The BMP content  in  adipocytes was 
3-fold higher than in the stromavascular fraction (Fig. 5A), 
suggesting that BMP is enriched in parenchymal cells. Both 
fractions contained BMP 36:2/3/4 as a major species (Fig. 
5B). Upon cold exposure, BAT produces heat by nonshiv-
ering  thermogenesis  via  UCP-1  and  adapts  its metabolic 
activity accordingly (24). To  test whether BAT BMP con-
tent reflects its metabolic activity, mice were housed at stan-
dard  conditions  (22°C)  or  adapted  to  cold  (5°C)  and 
thermoneutrality (30°C) for 3 weeks. Remarkably, cold ex-
posure increased BMP levels 5.3-fold, while thermoneutral-
ity  decreased  BAT  BMP  content  by  78%  (Fig.  5C), 
predominantly due  to changes  in BMP 36:2/3/4  subspe-
cies (Fig. 5D). As expected, UCP-1 expression was increased 
upon cold exposure (Fig. 5E), and both BAT BMP content 
and  UCP-1  expression  strongly  correlated  with  housing 
temperatures (Fig. 5F).

Fig. 2.  Effects of insulin on BMP content and FA composition. Mice were fasted overnight and given an intraperitoneal injection of vehicle 
(saline) or insulin (0.5 IU/kg), and tissues were collected after 2 h. A: Western blot analysis of phospho-AKT (pAKT, Ser437) and AKT (pan) 
as loading controls in tissue lysates and respective quantification upon (B) refeeding and (D) insulin treatment. C: Relative changes in total 
BMP content of tissues from refed mice (calculated from the data shown in Fig. 1) and (D) insulin-treated mice. Data are presented as means 
± SDs. Statistical significance was evaluated by an unpaired two-tailed Student’s t-test (*P < 0.05, **P < 0.01, and ***P < 0.001; n = 5–8).
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DISCUSSION

BMP facilitates the degradation and sorting of lipids in 
lysosomes  delivered  by  endocytosis  or  autophagy  and  is 
therefore considered as an essential cofactor in maintain-
ing metabolic  homeostasis  (25). Here,  we  provide  novel 
insights into the tissue distribution of BMP and its physio-
logical regulation. We observed that mouse tissues strongly 
differ in BMP content and show distinct BMP FA composi-
tions.  Furthermore,  we  demonstrate  that  fasting-induced 
lysosomal biogenesis and cold exposure affect BMP levels 
in a tissue- and cell-type-specific manner.
The comprehensive analysis of BMP revealed that tissues 

exhibit very characteristic BMP FA profiles that are similar 
to those described in a recent publication (26). The pre-
dominant BMP species in muscle and adipose tissue depots 
are  esterified  with  oleic  and  linoleic  acid. Other  tissues, 
such as  the  liver and small  intestine, comprise a broader 
spectrum of BMP  species  containing mono-  and polyun-
saturated FAs, whereas  the brain and  testis  almost exclu-
sively contain BMP esterified with DHA (44:12). BMP has 
been  shown  to  activate  many  lysosomal  lipid  hydrolases 
and sorting proteins (6). However, most experiments have 
been performed with BMP esterified with oleic acid, and 
currently it is unknown whether DHA-containing BMP can 

also fulfill this function. It is well known that DHA is among 
the most  abundant n-3 polyunsaturated FAs  in  the brain 
and testis, where it regulates important processes by affect-
ing membrane structure or serving as a precursor of bioac-
tive  signaling  lipids.  An  adequate  supply  of  these  tissues 
with DHA  is  required  for  brain  health  (27)  and  fertility 
(28). The high enrichment of DHA in BMP indicates that 
BMP affects DHA sorting in acidic organelles or acts as a 
short-term storage lipid for DHA. In accordance with this 
hypothesis,  we  observed  that  refeeding  increases  BMP 
44:12 concentrations, indicating the incorporation of DHA 
when dietary sources are available.
The refeeding of fasted mice reduced the BMP content 

of several tissues, including BAT, kidney, and pancreas. In 
contrast,  the  small  intestine  and brain  showed  increased 
BMP  levels  in  response  to  refeeding, demonstrating  that 
BMP metabolism is regulated in a tissue-specific manner. 
Because the fasting response strongly varies among tissues 
(29), it is reasonable to assume that BMP, as an important 
lysosomal cofactor, similarly underlies tissue-specific regu-
lation. The mechanism of BMP regulation is currently un-
clear.  Thus,  we  investigated  whether  insulin,  a  major 
regulator of energy metabolism in the postprandial phase, 
is involved in this process. This seemed plausible because 
insulin is involved in the regulation of the mechanistic 

Fig. 3.  Distribution and nutritional regulation of BMP in the liver at the suborgan level. A: Expression of the macrophage marker F4/80 
in mice treated with Clodrosome® (liposomal clodronate; n = 5) or empty liposomes as a control (n = 5). B: Total hepatic BMP content of 
Clodrosome-treated and control mice. C: BMP species distribution of Clodrosome-treated and control mice. D: Total hepatic BMP content 
of fasted, 2 h refed, and ad libitum fed mice (fed) (n = 5). E: Total BMP content of hepatocytes and NPCs isolated from fed and fasted mice 
(n = 3). F: BMP species distribution of hepatocytes. G: BMP species distribution of NPCs. Data are presented as means ± SDs. Statistical signifi-
cance was evaluated by an unpaired two-tailed Student’s t-test (*P < 0.05, **P < 0.01, and ***P < 0.001) or ANOVA followed by a Bonferroni 
post hoc test for multiple comparisons (#P < 0.05, ##P < 0.01, and ###P < 0.001).
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target of rapamycin complex 1 and transcription factor EB 
(TFEB), which controls lysosomal biogenesis (30, 31). Acti-
vation of the insulin receptor causes phosphorylation and 
activation of the major downstream effector AKT (protein 
kinase B) (30). AKT can directly phosphorylate and sup-
press TFEB (32), the master regulator of lysosomal biogen-
esis, and is also capable of activating the mechanistic target 
of  rapamycin  complex 1, which  in  turn prevents  the nu-
clear translocation of TFEB (33). Accordingly, we investi-
gated whether insulin treatment is sufficient to reproduce 
the  refeeding-induced  changes  in  BMP  content.  Insulin 
reduced total BMP levels in BAT comparable to refeeding 
but had no significant effect on other tissues. Furthermore, 
AKT phosphorylation did not correlate with changes in tis-
sue BMP levels. This suggests that BMP metabolism is regu-
lated in a more complex and tissue-specific manner, likely 
involving both hormonal and nutritional signals.
The tissue BMP profile reflects all resident tissue cell 

types. To get  insights  into  the  suborgan distribution of 
BMP,  we  separated  parenchymal  and NPCs  in  selected 
tissues. BMP was previously identified as a phospholipid 
enriched in macrophages that is linked to the high endo-
somal/lysosomal capacity of these cells (22). Nevertheless, 
the depletion of macrophages  in  the  liver did not  affect 
BMP content, suggesting a minor contribution of hepatic 
resident macrophages. We  observed  that NPCs  exhibit  a 
high BMP content, but total liver BMP content is predomi-
nantly determined by hepatocytes representing 80% of the 
liver volume. Notably, fasting induced a strong increase of 
BMP in hepatocytes but not in NPCs, indicating cell-type-
specific regulation of BMP metabolism. This is likely due to 
the higher  sensitivity of hepatocytes  for  the  induction of 
starvation-induced  autophagy,  a  lysosomal  pathway  that 
maintains cell function and survival through the degrada-
tion of cellular components (34).

The pancreas plays a key role in the regulation of energy 
homeostasis, and the strong nutritional regulation of BMP 
in the pancreas prompted us to investigate whether the nu-
tritional state affects the BMP content of hormone-produc-
ing  pancreatic  islets  and  exocrine  cells.  Fasting  was 
associated with a drastic increase of BMP in pancreatic is-
lets and exocrine cells,  indicating the formation of BMP-
containing ILVs in acidic organelles. The functional aspects 
of  BMP  accumulation  in  pancreatic  cells  clearly  require 
further investigations. Based on its important role in cargo 
sorting, it can be speculated that BMP-containing ILVs af-
fect the storage, degradation, or release of hormones and 
digestive enzymes.
Remarkably,  we  found  that  BAT  is  among  the  tissues 

with the highest BMP content. Separating BAT into paren-
chymal cells and a stromavascular fraction confirmed that 
the majority of BMP is present in brown adipocytes, indi-
cating a highly active  lysosomal system. BAT is  the major 
site for cold-induced nonshivering thermogenesis. It con-
tains  UCP-1  in  the  inner  membrane  of  mitochondria, 
which dissipates the proton gradient from ATP production 
to generate heat (35). To sustain  its  function  in  thermo-
genesis, BAT relies on a continuous supply with energy pri-
marily in the form of FAs (24) that can be delivered in two 
different ways. First, lipoprotein lipase exhibits a high local 
concentration and degrades triglycerides and releases FAs 
that are subsequently taken up via the FA transporter CD36 
(36). Second, brown adipocytes can internalize whole lipo-
protein particles via endocytosis (37). Importantly, the in-
creased  uptake  and  degradation  of  lipoproteins  also 
requires an adaption of the endosomal/lysosomal system. 
We observed that both UCP-1 expression and BMP content 
strongly correlate with the housing temperature. Both pa-
rameters  increase  upon  cold  adaptation  and decrease  at 
thermoneutrality. Considering that BMP acts as activator of 

Fig. 4.  Nutritional  regulation of BMP  in  the endo-
crine  and  exocrine  pancreas.  Total  BMP  content  of 
endocrine  and  exocrine  pancreatic  cells  (A, C)  and 
respective  BMP  species  distribution  from  fed  and 
fasted  mice  (B,  D)  (n  =  4).  Data  are  presented  as 
means ± SDs. Statistical significance was evaluated by 
an unpaired two-tailed Student’s t-test (*P < 0.05, **P 
< 0.01, and ***P < 0.001).
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lysosomal lipid hydrolases (6), the increased BMP content 
may  promote  lysosomal  degradation  of  lipoproteins  and 
the subsequent liberation of FAs for mitochondrial oxida-
tion and thermogenesis.
The observed changes in tissue BMP content in response 

to fasting or cold exposure depend on enzymes catalyzing 
de  novo  synthesis,  degradation,  and/or  remodeling  of 
BMP. We have recently shown that / hydrolase domain-
containing 6  is  involved  in  the degradation of BMP  (11, 
38). Concerning BMP synthesis,  it  is well established that 
phosphatidylglycerol is a precursor of BMP (8, 39). Yet the 
identity of enzymes catalyzing BMP synthesis starting from 
phosphatidylglycerol  remains  elusive.  It  is  reasonable  to 
predict on the basis of the strong differences  in BMP FA 
composition between tissues that acyltransferases or trans-
acylases  catalyzing  BMP  synthesis  in  different  tissues  ex-
hibit  high  selectivity  for  distinct  FA  species.  Considering 
the important function of BMP in lysosomes, further eluci-
dation of the metabolic pathways mediating BMP synthesis 
and degradation will provide  important  insights  into  the 
regulation of lysosomal function.
In conclusion, our observations demonstrate that tissues 

exhibit characteristic BMP profiles that adapt to the nutri-
tional and metabolic state in a tissue- and cell-type-specific 
manner.  The  drastic  changes  observed  in  hepatocytes, 
brown adipocytes,  and pancreatic  cells  suggest  that BMP 
plays a role in the functional adaption to nutrient availabil-
ity and ambient temperatures.

Data availability
All the datasets described in the current study are con-

tained in the published article.

The authors thank S. Huetter for excellent technical assistance.
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tion between total BMP content and UCP-1 expression 
in BAT at respective ambient temperatures. Data are 
presented as means ± SDs. Statistical significance was 
evaluated by an unpaired two-tailed Student’s t-test (*P 
< 0.05, **P < 0.01, and ***P < 0.001) or ANOVA fol-
lowed by a Bonferroni post hoc test for multiple com-
parisons (#P < 0.05, ##P < 0.01, and ###P < 0.001).



Metabolic regulation of bis(monoacylglycero)phosphate 1003

  7.  Kirkegaard, T., A. G. Roth, N. H. T. Petersen, A. K. Mahalka, O. D. 
Olsen,  I. Moilanen, A. Zylicz,  J. Knudsen, K.  Sandhoff, C. Arenz, 
et  al.  2010. Hsp70  stabilizes  lysosomes  and  reverts Niemann–Pick 
disease-associated lysosomal pathology. Nature. 463: 549–553.

  8.  Hullin-Matsuda, F., K. Kawasaki,  I. Delton-Vandenbroucke, Y. Xu, 
M. Nishijima, M. Lagarde, M. Schlame, and T. Kobayashi. 2007. De 
novo biosynthesis of the late endosome lipid, bis(monoacylglycero)
phosphate. J. Lipid Res. 48: 1997–2008.

  9.  Halliwell, W. H. 1997. Cationic amphiphilic drug-induced phospho-
lipidosis. Toxicol. Pathol. 25: 53–60.

 10.  Liu, N.,  E. A. Tengstrand,  L. Chourb,  and  F.  Y. Hsieh.  2014. Di-
22:6-bis(monoacylglycerol)phosphate:  a  clinical  biomarker  of 
drug-induced  phospholipidosis  for  drug  development  and  safety 
assessment. Toxicol. Appl. Pharmacol. 279: 467–476.

 11.  Grabner, G. F., N. Fawzy, M. Pribasnig, M. Trieb, U. Taschler, M. Holzer, 
M. Schweiger, H. Wolinski, D. Kolb, A. Horvath, et al. 2019. Metabolic 
disease  and ABHD6  alter  the  circulating  bis(monoacylglycerol)
phosphate  profile  in mice  and  humans.  J. Lipid Res. 60:  1020– 
1031.

 12.  Rampanelli,  E.,  P.  Ochodnicky,  J.  P.  C.  Vissers,  L. M.  Butter,  N. 
Claessen, A. Calcagni, L. Kors, L. A. Gethings, S.  J. L. Bakker, M. 
H. de Borst, et al. 2018. Excessive dietary lipid intake provokes an 
acquired  form of  lysosomal  lipid  storage disease  in  the kidney.  J. 
Pathol. 246: 470–484.

 13.  Moreau, D., F. Vacca, S. Vossio, C. Scott, A. Colaco, J. Paz Montoya, 
C.  Ferguson, M. Damme, M. Moniatte, R. G.  Parton,  et  al.  2019. 
Drug‐induced increase in lysobisphosphatidic acid reduces the cho-
lesterol  overload  in Niemann–Pick  type C  cells  and mice. EMBO 
Rep. 20: e47055.

 14.  Wheeler, S., and D. J. Sillence. 2019. Niemann–Pick type C disease: 
cellular pathology and pharmacotherapy. J. Neurochem. Epub ahead 
of print. October 14, 2019; doi:10.1111/jnc.14895.

 15.  McCauliff, L. A., A. Langan, R. Li, O. Ilnytska, D. Bose, M. Waghalter, 
K. Lai, P. C. Kahn, and J. Storch. 2019. Intracellular cholesterol traf-
ficking is dependent upon NPC2 interaction with lysobisphospha-
tidic acid. eLife. 8: 1–31.

 16.  Taschler, U., R. Schreiber, C. Chitraju, G. F. Grabner, M. Romauch, 
H. Wolinski, G. Haemmerle, R. Breinbauer, R. Zechner, A. Lass, 
et al. 2015. Adipose triglyceride lipase is  involved in the mobiliza-
tion  of  triglyceride  and  retinoid  stores  of  hepatic  stellate  cells. 
Biochim. Biophys. Acta. 1851: 937–945.

 17.  Livak, K.  J., and T. D. Schmittgen. 2001. Analysis of relative gene 
expression data using real-time quantitative PCR and the 2-CT 
method. Methods. 25: 402–408.

 18.  Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A simple method 
for the isolation and purification of total lipides from animal tissues. 
J. Biol. Chem. 226: 497–509.

 19.  Knittelfelder,  O.  L.,  B.  P.  Weberhofer,  T.  O.  Eichmann,  S.  D. 
Kohlwein, and G. N. Rechberger. 2014. A versatile ultra-high per-
formance LC-MS method for lipid profiling. J. Chromatogr. B Analyt. 
Technol. Biomed. Life Sci. 951–952: 119–128.

 20.  Zoncu, R., A. Efeyan, and D. M. Sabatini. 2011. mTOR: from growth 
signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell 
Biol. 12: 21–35.

 21.  Napolitano, G.,  A.  Esposito, H.  Choi, M. Matarese,  V.  Benedetti, 
C. Di Malta,  J. Monfregola, D. L. Medina,  J. Lippincott-Schwartz, 
and A. Ballabio. 2018. mTOR-dependent phosphorylation controls 
TFEB nuclear export. Nat. Commun. 9: 3312.

 22.  Akgoc, Z., S. Iosim, and T. N. Seyfried. 2015. Bis(monoacylglycero)
phosphate  as  a  macrophage  enriched  phospholipid.  Lipids. 50: 
907–912.

 23.  Kmieć, Z. 2001. Cooperation of liver cells in health and disease. Adv. 
Anat. Embryol. Cell Biol. 161: 1–151.

 24.  Cannon, B., and J. Nedergaard. 2004. Brown adipose tissue: func-
tion and physiological significance. Physiol. Rev. 84: 277–359.

 25.  Gruenberg,  J.  2020.  Life  in  the  lumen:  the  multivesicular  endo-
some. Traffic. 21: 76–93.

 26.  Wang,  X.,  M.  V.  Schmitt,  L.  Xu,  Y.  Jiao,  L.  Guo,  P.  Lienau,  A. 
Reichel,  and  X.  Liu.  2019.  Quantitative molecular  tissue  atlas  of 
bis(monoacylglycero)phosphate  and  phosphatidylglycerol  mem-
brane  lipids  in  rodent  organs  generated  by  methylation  assisted 
high resolution mass spectrometry. Anal. Chim. Acta. 1084: 60–70.

 27.  Sun, G. Y., A. Simonyi, K. L. Fritsche, D. Y. Chuang, M. Hannink, Z. 
Gu, C. M. Greenlief, J. K. Yao, J. C. Lee, and D. Q. Beversdorf. 2018. 
Docosahexaenoic acid (DHA): an essential nutrient and a nutraceu-
tical for brain health and diseases. Prostaglandins Leukot. Essent. Fatty 
Acids. 136: 3–13.

 28.  Esmaeili,  V.,  A.  H.  Shahverdi,  M.  H.  Moghadasian,  and  A.  R. 
Alizadeh.  2015. Dietary  fatty  acids  affect  semen  quality:  a  review. 
Andrology. 3: 450–461.

 29.  Hakvoort, T. B. M., P. D. Moerland, R. Frijters, A. Sokolović, W. T. 
Labruyère, J. L. M. Vermeulen, E. V. L. Van Themaat, T. M. Breit, F. 
R. A. Wittink, A. H. C. Van Kampen, et al. 2011. Interorgan coordi-
nation of the murine adaptive response to fasting. J. Biol. Chem. 286: 
16332–16343.

 30.  Boucher, J., A. Kleinridders, and C. R. Kahn. 2014. Insulin recep-
tor signaling in normal and insulin-resistant states. Cold Spring Harb. 
Perspect. Biol. 6: a009191.

 31.  Sardiello, M. 2016. Transcription factor EB: from master coordina-
tor of lysosomal pathways to candidate therapeutic target in degen-
erative storage diseases. Ann. N. Y. Acad. Sci. 1371: 3–14.

 32.  Palmieri, M., R. Pal, H. R. Nelvagal, P. Lotfi, G. R. Stinnett, M. L. 
Seymour, A. Chaudhury, L. Bajaj, V. V. Bondar, L. Bremner, et al. 
2017.  mTORC1-independent  TFEB  activation  via  Akt  inhibition 
promotes cellular clearance in neurodegenerative storage diseases. 
Nat. Commun. 8: 14338.

 33.  Kim, J., and K-L. Guan. 2019. mTOR as a central hub of nutrient 
signalling and cell growth. Nat. Cell Biol. 21: 63–71.

 34.  Czaja, M. J., W. X. Ding, T. M. Donohue, S. L. Friedman, J. S. Kim, 
M. Komatsu,  J.  J. Lemasters, A. Lemoine,  J. D. Lin,  J. H.  J. Ou, 
et  al. 2013. Functions of autophagy  in normal and diseased  liver. 
Autophagy. 9: 1131–1158.

 35.  Fedorenko, A., P. V. Lishko, and Y. Kirichok. 2012. Mechanism of 
fatty-acid-dependent UCP1 uncoupling in brown fat mitochondria. 
Cell. 151: 400–413.

 36.  Heeren, J., and L. Scheja. 2018. Brown adipose tissue and lipid me-
tabolism. Curr. Opin. Lipidol. 29: 180–185.

 37.  Bartelt, A., O. T. Bruns, R. Reimer, H. Hohenberg, H.  Ittrich, K. 
Peldschus, M. G. Kaul, U.  I. Tromsdorf, H. Weller, C. Waurisch, 
et al. 2011. Brown adipose tissue activity controls triglyceride clear-
ance. Nat. Med. 17: 200–205.

 38.  Pribasnig, M. A., I. Mrak, G. F. Grabner, U. Taschler, O. Knittelfelder, 
B. Scherz, T. O. Eichmann, C. Heier, L. Grumet, J. Kowaliuk, et al. 
2015. / Hydrolase domain-containing 6 (ABHD6) degrades the 
late endosomal/lysosomal lipid bis(monoacylglycero)phosphate. J. 
Biol. Chem. 290: 29869–29881.

 39.  Bouvier,  J., K. A. Zemski Berry,  F. Hullin-Matsuda, A. Makino,  S. 
Michaud,  A.  Geloën,  R.  C.  Murphy,  T.  Kobayashi,  M.  Lagarde, 
and  I.  Delton-Vandenbroucke.  2009.  Selective  decrease  of 
bis(monoacylglycero)phosphate  content  in macrophages  by  high 
supplementation  with  docosahexaenoic  acid.  J. Lipid Res. 50: 
243–255.


