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A B S T R A C T

Lysosome-associated membrane protein-2 (LAMP2) deficiency causes the human Danon disease and represents a 
lysosomal dysfunction because of its pivotal role in regulating autophagy and lysosome biogenesis. LAMP2- 
deficient mice exhibit a spectrum of phenotypes, including cardioskeletal myopathy, mental retardation, and 
retinopathy, similar to those observed in patients with Danon disease. Its pathology is thought to involve altered 
energy metabolism and lipid dysregulation; however, the lipidomic profiles of LAMP2-deficient animals have not 
been investigated. In this study, we investigated lipid alterations in LAMP2 KO mice tissues, including those of 
the liver, plasma, and retina, using liquid chromatography-mass spectrometry. Our results revealed significantly 
increased free fatty acid (FFA) levels and decreased in triglyceride (TG) levels in LAMP2 KO liver tissues at three 
and six months. Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) species significantly decreased in 
LAMP2 KO mice livers at six months. Similarly, plasma TG and PC/PE levels decreased in LAMP2 KO mice. In 
contrast, plasma FFA levels were significantly lower in LAMP2 KO mice. Retina FFA levels were elevated in 
LAMP2 KO mice, accompanied by a partial decrease in PC/PE at six months. In summary, FFA levels increased in 
several tissues but not in the LAMP2 KO mice plasma, suggesting the potential consumption of FFA as an energy 
source in the peripheral tissues. The depletion of TG and PC/PE accelerated with age, suggesting an underlying 
age-dependent energy crisis condition. Our findings underscore the dysregulated distribution of fatty acids in 
LAMP2-deficient animals and provide new mechanistic insights into the pathology of Danon disease.

1. Introduction

Lysosome-associated membrane protein-2 (LAMP2), a highly glyco-
sylated protein in lysosomal membranes, plays a critical role in lyso-
somal biogenesis and autophagosome/phagosome maturation [1]. In 
humans, LAMP2 deficiency leads to Danon disease (DD), a rare lyso-
somal storage disorder characterized by cardiomyopathy, skeletal 
myopathy, and mental retardation [2]. Patients with DD can also present 
with symptomatic or asymptomatic retinopathy [3]. LAMP2 knockout 
(L2KO) mice have been extensively studied to understand DD pathology 
[4]. Similar to characteristics observed in patients with DD, L2KO mice 
exhibit autophagic vacuole accumulation in several tissues, including 
the liver, pancreas, spleen, kidney, and skeletal and heart muscles [4]. 

L2KO mice show increased mortality between postnatal days 20 and 40; 
the surviving mice are fertile and have an almost normal lifespan [4].

Furthermore, L2KO mice have been demonstrated to exhibit various 
metabolic dysfunctions, suggesting the significant role of LAMP2 in 
autophagy, energy balance maintenance, and metabolic stability. The 
liver-specific elimination of LAMP2A, a major LAMP2 isoform, in mice 
alters carbohydrate metabolism, dysregulating the energy balance [5]. 
LAMP2 deficiency also causes abnormalities in cholesterol trafficking, 
characterized by the accumulation of unesterified cholesterol in late 
endosomes and lysosomes [6]. In the central nervous system, L2KO mice 
have been shown to exhibit lipid storage in hippocampal neurons and 
their presynaptic terminals [7]. For mechanistic insights into retinop-
athy in DD, our previous study demonstrated that L2KO mice developed 
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retinal degeneration, associated with a delayed digestion of photore-
ceptor outer segments and a dysregulated autophagic flux in the retinal 
pigment epithelium [8]. Moreover, aged L2KO mice exhibited basal 
laminar deposit formation, an important histopathological feature of 
age-related macular degeneration, which is the leading cause of blind-
ness in developed countries [8–10]. Additionally, LAMP2 deficiency 
impairs the improvement in glucose tolerance induced by intermittent 
fasting in mice, highlighting its important role in glucose metabolism 
[11]. Collectively, LAMP2 deficiency may cause the dysregulation of 
energy and lipid metabolism; however, a comprehensive lipidomic 
analysis of L2KO mice has not been performed. Hence, we aimed to 
investigate the composition of fatty acids using liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) to compare 
L2KO and wild-type (WT) mice in the liver, plasma, and retina. Our 
results indicated that the proportion and distribution of free fatty acids 
(FFA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), and 
triglycerides (TGs) [11], significantly changed in L2KO mice with age.

2. Materials and methods

2.1. Animals

All experiments were performed in adherence with the declaration of 
Helsinki, were approved by the Animal Care Committee of the Institute 
of Medical Science, Kyushu University (approval number: #A23-002-2), 
and were conducted in accordance with the Association for Research in 
Vision and Ophthalmology Statement for the Use of Animals in 
Ophthalmic and Vision Research. The animal data have been reported in 
adherence with the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines. For the experiments, adult male LAMP2 KO mice 
(LAMP2 y/-) and their WT littermates (LAMP2 y/+) were selected at the 
age of three or six months. LAMP2 KO mice, originally generated in Prof. 
Saftig’s lab, were backcrossed with C57BL6J mice for at least five gen-
erations. The mice were placed in a 12-h light/dark environment (8:00 
a.m. to 8:00 p.m.) with ad libitum access to normal chow (5058 labo-
ratory rodent diet 20, LabDiet, MO, USA) and water in the animal fa-
cility of Kyushu University.

2.2. Preparation of mice tissues

The liver, retina, and plasma from three or six-month-old male L2KO 
or WT sacrificed mice were collected (n = 4 mice per group). The liver, 
blood, or eyeballs were collected immediately after the mice were 
euthanized by cervical dislocation. Blood was collected in tubes con-
taining the anticoagulant EDTA-2K. Plasma was separated by centrifu-
gation at 3000×g for 15 min. The plasma volume and liver weights were 
measured. Retinas were extracted following a circumferential incision 
around the ora serrata and removal of the lens/vitreous.

The tissues were frozen in liquid nitrogen and crushed using a mul-
tibead shocker. To the liver and retina crush (powder), 700 μl of water 
was added, mixed well, and the homogenate was transferred to a glass 
test tube. After that, 2 mL methanol was quickly added and mixed to stop 
the metabolic enzyme reaction. The powder remaining in the multibead 
shocker was washed with 300 μL water and transferred to a test tube. For 
the plasma sample, 100 μL of serum was taken in a glass test tube and 
mixed with 900 μL water and 2 mL methanol. To all the test tubes, 2 mL 
of chloroform was added (5 mL in total) and shaken 10 min in a shaker. 
The tubes were centrifuged at 1000×g for 15 min at room temperature. 
A 100 μL of the lower layer was collected, 1/4 volume of the internal 
standard (25 μL) was added to it and was subjected to LC-MS/MS Lip-
idomic analysis. Multiple internal standards consisted of isotopes of 
lipids and lipids not present in specimens were used to correct retention 
times for the target compounds.

2.3. Lipidomic analysis using LC-MS/MS

LC-MS/MS experiments were performed by LSI Medience Corpora-
tion (Japan, Tokyo) using an Agilent 1260 Infinity II UPLC system 
equipped with a 6546 Quadrupole Time-of-Flight system (Agilent 
Technologies, USA, California) and operated by a Mass Hunter Work-
station, as previously described [12].

2.4. Data analysis

Raw data were obtained from the mass spectrometer, including m/z, 
retention time, and intensity, and they were processed and analyzed as 
previously done [12].

2.5. Lipid classification

According to the definition that polyunsaturated fatty acids (PUFA) 
are fatty acids containing two or more double bonds [13], PC/PE with 
three or more double bonds were classified as PUFA-PC/PE because they 
contained at least one fatty acid with two or more double bonds. 
Otherwise, they were categorized as non-PUFA-PC/PE. Similarly, TGs 
with four or more double bonds were categorized as PUFA-TGs.

3. Statistics

Statistical differences between the two groups were analyzed using 
Student’s t-test. Statistical significance was set at P < 0.05. Heatmaps 
were created using the online software Bioladder (https://www.bio 
ladder.cn).

4. Results

4.1. Lipidomic analysis in the liver

First, we performed a lipidomic analysis of the liver, comparing 
L2KO and WT mice, as it is the primary organ regulating lipid transport 
and metabolism. This includes processes such as uptake, esterification, 
oxidation, and fatty acid secretion [14].

4.1.1. FFA (young liver)
LC-MS/MS analysis indicated that L2KO mice exhibited significant 

changes compared to the WT mice at a young age (three months) in the 
eight detected FFA species (Fig. 1A–B). All detected FFA species in the 
liver increased in L2KO mice compared to WT (Fig. 1C). Note that all the 
detected FFAs, except for myristic acid (14:0), increased by more than 2- 
fold.

4.1.2. TG (young liver)
In contrast, most TG species (47 out of 52) significantly decreased in 

L2KO mice compared to WT (Fig. 1A–B). We classified TGs with three or 
more double bonds as PUFA-TGs. Among the 52 TG species detected in 
the liver, 28 and 24 were classified as PUFA-TGs and non-PUFA-TGs, 
respectively (Fig. 1D). Both groups showed significant decreases: 92.9 
% (26/28) of PUFA-TGs and 87.5 % (21/24) of non-PUFA-TGs. How-
ever, we observed that the decrease in PUFA-TGs became relatively less 
detectable as the number of double bonds increased.

4.1.3. PC/PE (young liver)
The changes in PC/PE species in young livers were less pronounced 

compared to those in TGs (Fig. 1A–B). We detected 43 PC/PE species, 
comprising 25 PUFA-PC/PE and 18 non-PUFA-PC/PE species; PC/PE 
species containing two or more double bonds were classified as PUFA- 
PC/PEs. Among non-PUFA-PC/PEs, 10 of 18 species showed (55.6 %) 
increased levels, whereas 4 out of 18 species (22.2 %) decreased 
(Fig. 1E, left panel), indicating their altered distributions. In contrast, 
PUFA-PC/PEs showed fewer changes compared to non-PUFA-PC/PEs, 
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with 6 out of 25 (24 %) increasing and 6 out of 25 (24 %) decreasing 
(Fig. 1E, right panel). Therefore, phospholipid metabolism was less 
affected by LAMP2 deficiency at a young age compared to FFA or TG.

Collectively, lipid metabolism in the liver of young L2KO mice un-
derwent significant alterations, particularly in TG and FFA, whereas 
changes in PC/PE were relatively less detectable at the age of three 
months.

4.1.4. FFA (old liver)
Based on previous findings that LAMP2 deficiency worsened with 

age [2], we examined liver samples from six-month-old L2KO and WT 
mice. Similar trends of increased FFA levels were observed in old livers 
of L2KO mice (Fig. 2A–B). We detected 10 FFA species in the old liver. 
The ratios of FFAs between L2KO and WT livers increased more signif-
icantly compared to those at a younger age (Fig. 2C). Pentadecanoate 
(15:0), linoleate (18:2), linolenic acid (18:3), and docosahexaenoic acid 
(DHA) (22:6) increased by more than 3-fold in the liver of old L2KO 
mice.

4.1.5. TG (old liver)
TGs in the liver of old L2KO mice exhibited more pronounced 

decreases compared to those in younger animals. In the aged liver, 52 TG 
species were detected, comprising 26 PUFA-TG species and 26 non- 
PUFA-TG species (Fig. 2B–D). The TG reductions in the old L2KO mice 
livers were more prominent compared to those in younger mice. Several 
PUFA-TGs, such as TG (52:5) and TG (54:7), decreased to less than 10 % 
of their levels in WT mice. This depletion of TGs in old L2KO mice 
suggests that TGs may be catabolized for persistent energy consumption 
because of the LAMP2 deficiency.

4.1.6. PC/PE (old liver)
While changes in PC/PE in young L2KO mice livers were variable, 

PC/PEs significantly reduced in the old L2KO mice livers. Among the 39 
PC/PE species detected, 23 were PUFA-PC/PEs and 16 were non-PUFA- 
PC/PEs (Fig. 2E). We observed 56.3 % (9/16) of non-PUFA-PC/PE 
species and 91.3 % (21/23) of PUFA-PC/PE species to have shown re-
ductions. Note that this decreasing trend in PC/PEs was not evident in 
the young mice livers.

4.2. Lipidomic analysis in the plasma

Next, lipidomic analysis was performed on mouse plasma according 

Fig. 1. Lipidomic analysis in young mice livers from WT and L2KO mice 
Livers were extracted from three-month-old mice and analyzed using LC-MS/MS. A: Heatmap of all the lipids tested. All data were subjected to log transformation 
(base 10), mean-centered, and divided by the standard deviation of each variable. B: The volcano map of lipids classified based on unsaturation levels. Vertical 
dashed lines indicate fold-changes of 0.8 or 1.2, and the horizontal dashed lines indicate P = 0.05 based on Student’s t-test. C–E: Fold changes of each FFA (C), non- 
PUFA-TG (D, left panel), PUFA-TG (D, right panel), non-PUFA-PC/PE (E, left panel), and PUFA-PC/PE (E, right panel). NP: non-PUFA; P: PUFA. FFA, free fatty acid; 
LAMP2, Lysosome-associated membrane protein-2; LC-MS/MS, liquid chromatography-tandem mass spectrometry; L2KO, LAMP2 knockout; PC, phosphatidylcho-
line; PE, phosphatidylethanolamine; PUFA, polyunsaturated fatty acid; WT, wild-type.
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to its role of systemic fatty acid transport.

4.2.1. FFA (young plasma)
In contrast to the increase in FFAs observed in the L2KO mice livers, 

FFAs in the plasma from L2KO mice significantly decreased compared to 
those of WT mice at three months (Fig. 3A–B). We identified seven FFA 
species, including four PUFAs: linolenic acid (18:3), arachidonic acid 
(20:4), docosapentaenoic acid (DPA) (22:5), and DHA (22:6), all of 
which had a fold change of less than 0.5 in the KO/WT young plasma 
(Fig. 3C). Particularly, PUFAs such as DPA (22:5) and DHA (22:6) in the 
plasma from old L2KO mice significantly decreased to less than 20 % of 
those in WT mice. This result may imply the potential consumption of 
FFAs in the peripheral tissues.

4.2.2. TG (young plasma)
TG decreased in young L2KO mice plasma, similar to the results 

observed in the liver (Fig. 3A–B). We detected 25 TG species, consisting 
of 10 non-PUFA-TGs and 15 PUFA-TGs (Fig. 3D). All non-PUFA-TGs 
showed reductions compared to those in WT mice, whereas 9 of 15 
(60 %) PUFA-TGs were reduced, indicating that non-PUFA-TGs were 
more likely to decrease in L2KO mice plasma.

4.2.3. PC/PE (young plasma)
Of the 34 PC/PE species detected in the L2KO mice plasma, including 

20 PUFA-PC/PEs and 14 non-PUFA-PC/PEs, 30 of 34 (88.2 %) exhibited 

no significant changes compared to WT mice (Fig. 3A–B, E).

4.2.4. FFA (old plasma)
In the old L2KO mice plasma, we observed a significant decrease in 

FFA compared to control WT mice (Fig. 4A–B). We detected seven FFA 
species. The decline in FFA content was more pronounced in old L2KO 
mice plasma than that in young L2KO mice (Fig. 4C). While FFA (16:0) 
in the old L2KO mice plasma decreased to 50 % of that in WT mice, the 
levels of free PUFAs such as DPA (22:5) and DHA (22:6) were less than 
20 % of that in WT mice.

4.2.5. TG (old plasma)
In the old L2KO mice plasma, we observed a pronounced decrease in 

TGs compared to WT mice (Fig. 4A–B). A total of 34 TG species, 
including 16 PUFA-TGs and 18 non-PUFA-TGs, were detected in the old 
mice plasma (Fig. 4D). While some TG species remained relatively un-
changed, most (25 out of 34, 73.5 %) significantly decreased compared 
to that in WT mice.

4.2.6. PC/PE (old plasma)
In old L2KO mice plasma, 32 PC/PE species were detected, including 

21 PUFA-PC/PEs and 11 non-PUFA-PC/PEs, both of which significantly 
decreased compared to that in WT mice. Among the detected species, 7 
out of 11 non-PUFA PC/PEs in old L2KO mice plasma decreased to less 
than 80 % of the WT mice levels, in contrast to the unchanged PC/PEs in 

Fig. 2. Lipidomic analysis in old mice livers from WT and L2KO mice 
Livers were extracted from six-month-old mice and analyzed using LC-MS/MS. A: Heatmap of all the lipids tested. All data were subjected to log transformation (base 
10), mean-centered, and divided by the standard deviation of each variable. B: The volcano map of lipids classified based on unsaturation levels. Vertical dashed lines 
indicate fold-changes of 0.8 or 1.2, and the horizontal dashed lines indicate P = 0.05 based on Student’s t-test. C–E: Fold changes of each FFA (C), non-PUFA-TG (D, 
left panel), PUFA-TG (D, right panel), non-PUFA-PC/PE (E, left panel), and PUFA-PC/PE (E, right panel).
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young L2KO mice plasma (Fig. 4E, left panel). We also observed that 
90.5 % of PUFA-PC/PEs decreased in old L2KO mice plasma (Fig. 4E, 
right panel).

Thus, the plasma TG levels decreased in L2KO mice, and at the old 
age PC/PE also decreased similar to the result of liver. However, the 
plasma FFA levels was downregulated in L2KO mice.

4.3. Lipidomic analysis in the retina

We examined lipid compositions in the retina of L2KO and WT mice 
and detected some changes in FFA and PC/PE levels (Fig. 5A–B). TG 
species were not detected, likely because of their low quantity in the 
neural retina.

4.3.1. FFA (young retina)
We detected seven FFA species in the retina from young L2KO and 

WT mice (Fig. 5C). Among these, 3 of 7 species (43 %): arachidonic acid 
(20:4), DHA (22:6), and tetracosanoic acid (24:0), showed more than a 
20 % increase.

4.3.2. PC/PE (young retina)
We detected 31 PC/PE species in the retina, consisting of 18 PUFA- 

PC/PEs and 13 non-PUFA-PC/PE species (Fig. 5D). Among these, 7 of 

13 (53.8 %) non-PUFAs and 5 of 18 (27.8 %) PUFA-PC/PEs decreased to 
less than 90 % of that in WT mice, indicating that non-PUFA-PC/PEs 
were more likely to be reduced at a young age in the L2KO mice retina.

4.3.3. FFA (old retina)
A total of 6 FFA species were detected in the old mice retina 

(Fig. 6A–C). Similar to the results in the young mice retina, 5 out of 6 
FFAs exhibited an increase in the old L2KO mice retina compared to that 
in WT mice.

4.3.4. PC/PE (old retina)
A total of 31 PC/PE species were detected in the retinas of L2KO and 

WT mice, consisting of 18 PUFA-PC/PEs and 13 non-PUFA-PC/PE spe-
cies (Fig. 6A–B, D). Among these, 6 out of 13 (46 %) non-PUFAs and 7 
out of 18 (39 %) PUFA-PC/PEs decreased to less than 90 % of those in 
the WT mice in the old L2KO mice retina, suggesting that a greater 
number of PC/PE species decreased with age in the L2KO mice retina.

5. Discussion

In this study, we elucidated the lipidomic profiles of the liver, 
plasma, and retina of L2KO mice. The contrasting behavior of FFA, 
which increased in the liver and retina but decreased in the plasma, may 

Fig. 3. Lipidomic analysis in young mice plasma from WT and L2KO mice 
Plasma was extracted from three-month-old mice and analyzed using LC-MS/MS. A: Heatmap of all the lipids tested. All data were subjected to log transformation 
(base 10), mean-centered, and divided by the standard deviation of each variable. B: The volcano map of lipids classified based on unsaturation levels. Vertical 
dashed lines indicate fold-changes of 0.8 or 1.2, and the horizontal dashed lines indicate P = 0.05 based on Student’s t-test. C–E: Fold changes of each FFA (C), non- 
PUFA-TG (D, left panel), PUFA-TG (D, right panel), non-PUFA-PC/PE (E, left panel), and PUFA-PC/PE (E, right panel).
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suggest an increased local demand for FFA that could serve as an energy 
source via beta-oxidation. This hypothesis is supported by the obser-
vation that TGs and PC/PEs decreased in the peripheral tissues, which 
may have been consumed for beta-oxidation.

Autophagy is essential for renewal and self-maintenance and pro-
vides materials for energy production [15]. Basal autophagy operates 
consistently at a low level, not only during starvation but also between 
meals, providing steady energy, particularly in organs such as the liver 
[16,17]. Its impact on energy metabolism is significant, influencing the 
three major nutrient metabolic pathways: protein, carbohydrate, and 
lipid metabolism [15,18–24]. In a previous study, L2KO mice showed a 
high energy expenditure, resulting in a resistance to 
high-fat-diet-induced obesity [25]. Therefore, significant changes in 
fatty acid compositions in this study may be attributed to an increased 
energy consumption, as FFA is used as primary steady-state energy 
source in peripheral tissues [26–28]. In contrast to the results in the liver 
and retina, FFA species in the plasma significantly decreased in L2KO 
mice. This may have occurred from an upregulated uptake in the pe-
ripheral tissues or a limited release from adipose tissues. Moreover, the 
depletion of plasma FFA was accelerated in old L2KO mice. A previous 
study, which showed an increased energy expenditure in L2KO mice 
[25], would support the hypothesis that plasma FFA may have been 
taken up by peripheral tissues although future studies should clarify the 
detailed mechanism behind this.

Given the decreased plasma FFA levels, higher FFA levels in the 
L2KO liver may be caused by an enhanced catabolism of TGs. TGs in 

liver lipid droplets can be degraded to obtain more FFAs when cells need 
to supplement their energy sources. Our results showed that TG levels 
significantly decreased in the L2KO liver. The TG decline in L2KO mice 
plasma primarily affected non-PUFA-TGs at a young age and then 
impacted both PUFA- and non-PUFA-TGs at an old age. This shift may be 
explained as follows: non-PUFAs are supposed to serve as an energy 
source rather than PUFA because non-PUFAs are more suitable for beta- 
oxidation [29]. However, if the energy crisis was sustained for a long 
period, PUFA-TGs also decreased. We assumed this decrease in 
PUFA-TGs resulted from its degradation to serve as an energy source; 
however, further investigations are required to shed light upon the 
reduction in PUFA-TGs L2KO mice. Moreover, a considerable proportion 
of TGs in the liver of old L2KO mice decreased to even less than 0.1-fold 
that of aged WT mice, indicating that the lipid storage was almost 
diminished. This might have contributed to loss of TG in L2KO mice 
plasma. This deletion of lipid storage in LAMP2 KO mice might have 
been induced by lipolysis. Liu et al. found that lipid droplets in aged 
mice were associated with reduced expression of lipolysis enzyme such 
as adipose triglyceride lipase and hormone-sensitive lipase [30]. 
Therefore, in our study, LAMP2 deficiency may have caused TG deple-
tion in the liver, potentially due to the lipolysis with upregulated 
lipolysis enzymes.

PC/PEs are essential components of cellular membranes and regulate 
lipid and energy metabolism throughout the body [31]. Therefore, 
changes in PC/PEs in old L2KO mice may also be considered as a result 
of increased energy demand. In both the liver and plasma, changes in 

Fig. 4. Lipidomic analysis in old mice plasma from WT and L2KO mice 
Plasma was extracted from six-month-old mice and analyzed using LC-MS/MS. A: Heatmap of all the lipids tested. All data were subjected to log transformation (base 
10), mean-centered, and divided by the standard deviation of each variable. B: The volcano map of lipids classified based on unsaturation levels. Vertical dashed lines 
indicate fold-changes of 0.8 or 1.2, and the horizontal dashed lines indicate P = 0.05 based on Student’s t-test. C–E: Fold changes of each FFA (C), non-PUFA-TG (D, 
left panel), PUFA-TG (D, right panel), non-PUFA-PC/PE (E, left panel), and PUFA-PC/PE (E, right panel).
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PC/PE levels were limited in L2KO mice at a young age. This may be 
explained by the high energy consumptions in L2KO mice being pri-
marily compensated by TG catabolism at a young age. However, as TGs 
were depleted with age, reductions in PC/PE levels became evident, 
presumably to provide more FFAs in peripheral tissues in L2KO mice.

In the retina, the light-sensitive photoreceptor cells use both glucose 
and fatty acid beta-oxidation for energy production [32]. The increased 
FFAs in L2KO mice support an expectation that higher FFAs may be 
associated with high metabolic energy demand in the retina. TG levels 
were under the detection limit in the retina; hence, the increased FFAs in 
the retina may be derived from either phospholipids in the plasma or 
PC/PE degradation in the retina. As phospholipids and FFAs in L2KO 
mice plasma were much less detectable compared to those in WT mice, 
the increased FFAs may have resulted from the degradative pathway of 
PC/PE in the retina. In young L2KO mice retina, PC/PE levels were not 
affected much although some non-PUFA-PC/PEs decreased. However, as 
the mice aged, FFAs increased significantly in L2KO mice, suggesting 
that PC/PE may have been used for beta-oxidation, as observed in the 
liver.

The decrease of PC/PE affected both non-PUFAs and PUFAs such as 
DPA and DHA in L2KO mice at an older age. DHA plays a crucial role in 
maintaining retinal homeostasis [33]. DHA intake regulates the matu-
ration and survival of photoreceptor cells [34–36] and its deficiency is 
associated with impaired visual function and development [37–39]. 
Therefore, we analyzed the source of increased free DHA in L2KO mice 

retinas. PCs were categorized into likely- or unlikely DHA-containing PC 
based on the composition analysis of the fatty acid chains (Table S1). In 
the retina, DHA is known to be incorporated into the retinal pigment 
epithelium as phospholipids, converted to free DHA, and transferred to 
photoreceptors. Therefore, we initially considered that the elevated free 
DHA in the retina may have originated from the plasma. However, at an 
older age, PC/PE was almost depleted in L2KO mice plasma, leading us 
to consider that free DHA may be supplied from phospholipid degra-
dation within photoreceptors. Consistently, the ratio of L2KO/WT in 
likely DHA-containing PC was smaller than that in unlikely 
DHA-containing PC. Therefore, a portion of the increased DHA in the old 
L2KO mice retina may have been catabolized from DHA-containing PC 
within the retina itself. Further studies are required to explore this 
subject.

In addition to the aforementioned fatty acid results, we observed an 
increase in cholesterol sulfate levels in the liver and retina of L2KO mice 
(Table S2). Our findings are consistent with those of previous studies 
showing that LAMP2 deficiency caused lysosomal cholesterol to be 
stored via inhibiting the late endosome/lysosome cholesterol transport 
pathway [40,41]. The increase in cholesterol sulfate contrasted with the 
decrease in TGs and PC/PE. Both fatty acids and cholesterol constitute 
the cellular membrane and can serve as an energy source. This differ-
ential behavior of fatty acids and cholesterol sulfate suggests an 
imbalance in the membrane-lipid distribution in the pathology of 
LAMP2 deficiency.

Fig. 5. Lipidomic analysis in young mice retina from WT and L2KO mice 
Retina was extracted from three-month-old mice and analyzed using LC-MS/MS. A: Heatmap of all the lipids tested. All data were subjected to log transformation 
(base 10), mean-centered, and divided by the standard deviation of each variable. B: The volcano map of lipids classified based on unsaturation levels. Vertical 
dashed lines indicate fold-changes of 0.9 or 1.1, and the horizontal dashed lines indicate P = 0.05 based on Student’s t-test. C–D: Fold changes of each FFA (C), non- 
PUFA-PC/PE (D, left panel), PUFA-PC/PE (D, right panel).
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There are several limitations in this study. In the LC-MS/MS data 
analyzed by Kyushu Pro search, we did not determine each fatty acid 
constituting PC/PE or TG. Therefore, for example, we did not identify 
which TG could be a source of fatty acids if catabolized. Thus, although 
we for the first time found notable changes in fatty acid distribution 
between WT and L2KO mice, we have not clarified the mechanisms 
responsible for the decreased PC/PE/TG and the increased FFA. We 
speculate that beta-oxidation would be upregulated to compensate en-
ergy crisis in L2KO mice according to the previous study [25]. Further 
research is required to elucidate the relationship between energy 
metabolism and fatty acid distribution in L2KO mice.

Our study highlights the significant alterations in fatty acids across 
the tissues induced by a LAMP2 deficiency. LC-MS/MS analysis has 
provided a comprehensive understanding of fatty acid change that has 
never been discussed before. Further, the energy crisis may underscore 
the importance of autophagy/lysosome-related pathways in the meta-
bolic regulation of fatty acids. Further research will elucidate the rela-
tionship between the fatty acids alteration and histopathology caused by 
LAMP2 deficiencies.
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