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Research advances in the lipid droplet-mitochondria contact interface in hepatic metabolic
injury and ischemia-reperfusion injury

WANG Zhentao, ZHANG Kaini, SU Dongming”

Department of Pathology, School of Basic Sciences, Nanjing Medical University, Nanjing 211166, China

[Abstract] Lipid droplet - mitochondria contact sites are important membrane contact sites that connect lipid storage, fatty acid
oxidation, and mitochondrial homeostasis. As the liver is responsible for lipid synthesis, storage, oxidation, and export, it provides an
ideal setting for investigating the roles of these contact sites in physiological adaptation and pathological remodeling. Growing evidence
suggests that, both in chronic lipid overload-induced hepatic metabolic injury and in acute hepatic ischemia-reperfusion injury, lipid
droplet - mitochondria contact sites are positioned at the intersection of lipid flux regulation, mitochondrial stress thresholds, and
inflammatory injury amplification. During the early stage of metabolic stress, moderate lipid droplet formation and lipid droplet -
mitochondrial coupling may facilitate lipid sequestration, fatty acid partitioning, and energy adaptation. However, under persistent lipid
burden or reperfusion-associated oxidative stress, a mismatch between lipid droplet mobilization and mitochondrial uptake/oxidative
capacity may lead to amplified lipotoxicity, reactive oxygen species bursts, mitochondrial DNA leakage, and sterile inflammation. In
recent years, advances in super-resolution imaging, proximity labeling and spatial proteomics have promoted a shift in this field from
morphological colocalization studies toward closed-loop analysis of structure, composition, and function. This review summarizes the
structural basis and functional heterogeneity of lipid droplet-mitochondria contact sites, as well as their roles in hepatic metabolic
injury and ischemia - reperfusion injury, and discusses their translational potential as disease stratification markers and therapeutic
targets.
[Key words] lipid droplet; mitochondria; membrane contact site; hepatic metabolic injury; hepatic ischemia-reperfusion injury;
lipotoxicity ; mitochondrial homeostasis
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4. Functional heterogeneity of mitochondria
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The diagram illustrates the main structural pattern, molecular composition, and functional output of the lipid droplet mitochondrial contact point.

Lipid droplets can form dynamic reversible contact or relatively stable anchoring contact with mitochondria, and their stability is regulated by

mitochondrial fusion/fission status and local tethering molecules. PLINS, MIGA2, MFN2, and other molecules participate in the structural connections

between lipid droplets, mitochondria and endoplasmic reticulum, while ACSL1, CPTla, and VDAC participate in fatty acid activation, transport and

mitochondrial uptake. Different mitochondrial subgroups exhibit heterogeneity in function, with lipid droplet associated mitochondria more inclined to

participate in local fatty acid oxidation and metabolic coupling, while cytoplasmic mitochondria can serve as a control group relatively distant from lipid

droplets. Overall, the lipid droplet mitochondrial contact point forms an important structural basis for regulating lipid fate and mitochondrial stress

response by coordinating fatty acid transport, beta oxidation, ATP generation, and redox homeostasis. LD: lipid droplet; ER: endoplasmic reticulum;

PLINS: perilipin 5; MIGA2: mitoguardin 2; MFN2: mitofusin 2; ACSLI: acyl CoA synthase long chain family member 1: CPTla: carnitine

palmitoyltransferase 1la; VDAC: voltage dependent anion channel; PDM: peridroplet mitochondria; CM: cytoplasmic mitochondria; FA: fatty acids; ATP:

adenosine triphosphate.
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Figure 1 Structural basis and key molecular network of lipid droplet-mitochondria contact sites
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From metabolic coordination to injury amplification

Chronic lipid overload can lead to lipid droplet remodeling, fatty acid flux mismatch, and mitochondrial stress; in liver ischemia-reperfusion injury,

lipid sequestration during the ischemic phase may have a metabolic adaptive role, while the mismatch between lipid droplet mobilization and

mitochondrial utilization during the reperfusion phase can further amplify the injury. These two types of pathological stress converge at the lipid droplet-

mitochondrial contact point and drive the transition of hepatocytes from metabolic coordination to injury amplification through fatty acid flux imbalance ,

mitochondrial stress, reactive oxygen species burst, mitochondrial DNA release, and sterile inflammation. MASLD: metabolic dysfunction - associated

steatotic liver disease; HIRI: hepatic ischemia-reperfusion injury; LD: lipid droplet; FA: fatty acid; ROS: reactive oxygen species; mtDNA : mitochondrial

DNA.
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Figure 2 The lipid droplet-mitochondria contact point serves as a common metabolic-stress hub for both liver metabolic

injury and liver ischemia-reperfusion injury
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Table 1 Summary of important research results on lipid droplet mitochondrial contact points in liver metabolic injury and

ischemia-reperfusion injury

Research topic

Key molecules/

phenomena

Main research conclusion

Significance related to liver

disease

Main

references

Basic structural pat-

tern of contact points

Core tethering pro-

tein

Ternary interactive

network

Contact points are
regulated by mito-

chondrial dynamics

Local metabolic com-
plex promotes fatty

acid utilization

Organizational het-
erogeneity of con-

tact points

Early compensation

of MASLD

Contact  reshaping
in the progress of

MASLD

Dynamic contact,
anchoring sample

contact

PLINS

MIGA2

Mfn?2

and mito-
chondrial  fusion

state

ACSL1, CPT1a,
VDAC

PDM/LD

mitochondria

related

Mitochondrial res -

piratory

sation

compen-

PDM features are
related to the se-
verity of the dis-

ease

Lipid droplet mitochondrial contact is not
randomly adjacent, but a functional microdo-
main regulated by nutritional status, tissue

type, and metabolic needs

PLINS is located on the surface of lipid drop-
lets; promoting physical and metabolic cou-
pling between lipid droplets and mitochon-
dria, and is currently the most extensively

supported key bridging molecule

MIGA2 can simultaneously connect mito-
chondria, endoplasmic reticulum, and lipid
droplets, indicating that lipid droplet mito-
chondrial contact is not an isolated binary
structure, but can be incorporated into larger

organelle interaction networks

The attachment of mitochondria to lipid drop-
lets and the effective transport of fatty acids
from lipid droplets depend on the dynamic
state of mitochondria, and impaired fusion
can lead to an imbalance in fatty acid utiliza-
tion

A local metabolic complex is formed near the
contact site for fatty acid activation and mito-
chondrial uptake, which enhances the spatial
efficiency of B-oxidation

Mitochondria attached to lipid droplets in
brown adipose tissue tend to support lipid
droplet amplification and reesterification ;
mitochondria related to lipid droplets in the
liver are more inclined towards fatty acid oxi-

dation

The compensatory enhancement of liver mito-
chondrial function during the stage of simple
fatty liver suggests that lipid droplet mito-
chondrial coupling may have adaptive signifi-
cance in the early stages

The correlation between contact patterns and
the severity of MASLD suggests that its
changes may not be accompanying phenome-
na, but rather an important component of dis-

ease progression

Provide structural basis for
subsequent lipid transport, en-
ergy allocation, and stress res-
ponse

It is the core entry point for un-
derstanding the coupling be-
tween lipid droplet lipolysis
and mitochondrial substrate
utilization

Expanded the mechanism hier-

archy of liver cell lipid droplet

contact research

The function of the contact
point is not only determined by
the tethering protein, but also
controlled by the mitochondrial

state

Explained why contact points
can determine lipid fate and

energy allocation

Supported the contact point in
the liver to be closer to the “li-
buffer

potoxicity oxidative

shunt platform”

Supported a phased framework
of “early compensation and lat-

er imbalance”

The

touchpoints as nodes for dis-

value of strengthening
ease stratification and mecha-

nism stratification

[9-10]

(3]

[12]

[13-14]

[15-16]

[4,17]

[6,20]

[7,29]
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) Key molecules/ ) ) Significance related to liver Main
Research topic Main research conclusion i
phenomena disease references
Dual phase interac- PLIN5 deficiency/ PLINS5 deficiency can reduce exposure, de- It is indicated that the contact [22-23,
tion of PLINS overexpression crease fatty acid oxidation, and exacerbate point is not unidirectional pro- 28]
lipid deposition; however, overexpression of tection or unidirectional patho-
PLINS in some models can alleviate lipid per- genicity, but exhibits stage-de-
oxidation, iron death, and inflammation pendent characteristics
Contact imbalance Fatty acid oxida- When there is a mismatch between lipid It is an important mechanism [6-7,29]
and lipotoxicity am- tion disorder, lipid droplet mobilization and mitochondrial utili- connection point for the pro-
plification peroxidation zation, free fatty acids, diacylglycerols, ce- gression from steatosis to stea-
ramides, and lipid peroxidation products ac- tohepatitis
cumulate, forming a vicious cycle
Contact imbalance mtROS, mtDNA,  Mitochondrial damage and mtDNA leakage A mechanistic bridge connect- [23-25]
and inflammation NLRP3 can activate the NLRP3 inflammasome, trans- ing “metabolic imbalance - in-
amplification lating metabolic stress into persistent liver in- flammation amplification” has
flammation been established
Contact abnormali- STING,  hepatic Mitochondrial DNA/STING signaling mnot Supported abnormal contact [19,26-
ties and fibrosis stellate cell activa- only drives inflammation, but also promotes points connecting hepatocyte 27]
progression tion the activation of hepatic stellate cells and metabolic imbalance with liver
fibrotic reprogramming microenvironment remodeling
Protective adapta- Lipid droplet for- Moderate lipid droplet formation during ische- Supported contact points to [34-35]
tion during the mation, lipid se- mia can buffer the toxicity of free fatty acids; lean towards the “metabolic
ischemic phase of questration, and lipolysis can reduce ROS, increase ATP, and buffering platform” during the
HIRI degreasing improve cell survival ische-mic phase
Injury  amplifica- Lipid droplet mo- If there is a mismatch between lipid droplet It is an important mechanism [30-36]
tion during HIRI bilization - mito- mobilization and mitochondrial uptake/oxida- node that explains why fatty
reperfusion period  chondrial utiliza- tion after reperfusion, the lipid droplets de- liver is more prone to IRI
tion mismatch, rived from lipid droplets can be converted
cholesterol load into damage amplifiers, promoting ROS gen-
eration, mitochondrial depolarization, and an
increased tendency for mPTP opening
Aseptic inflamma- mtDNA - ¢GAS - Mitochondrial damage releases mtDNA, acti- Abnormal contact points not [38-39]
tory pathway in STING vates ¢GAS STING, and amplifies aseptic only affect metabolism, but also
HIRI inflammation determine the leakage of dan-
ger signals
Emerging regulatory HSD17B13, BMALI/HSD17B13 axis regulates HIRI diur- The lipid droplet mitochondrial [37,40]

networks in HIRI

BMALIL, autopha-
gy/lipolysis

nal differences by affecting autophagy flux
and lipid degradation

contact point should be includ-
ed in the higher-level regulatory
network of rhythm, autophagy,
and lipolysis

I\

JE B Lro Brasaemle Fll Wolins 28 #1757 =458 H, 5T
D1 2 e TR 22 A 2 1 2 1B, (EABAT TR 1)
SRR« ZRORLAAR A5 Do) 452 8 35 4 5 5 T 5 G T
D11 58 4 SRAR AR T 2E 23 T AN 5 Qe R AN IS, i et
T2 JE T P A RO SR BORAE £ U S Benador

42 5
K AR

A0 SR AR R [ B 1) R R TR AR AE B i 1Y
] L, 8% 73 T AR B [ 2 0 U 5 ““ W £ 7y 1 a2
TR AR TR R A G IR S B A AR AR
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This figure summarizes the main technical pathways and evidence integration ideas for the study of lipid droplet mitochondrial contact points.

Imaging and visualization techniques are used to observe contact structures, dynamic changes, and contact areas. The interface enrichment strategy is

used to separate lipid droplet related mitochondria and conduct proteomics, lipidomics, and bioenergetics analyses. Neighbor labeling and spatial omics

techniques help to analyze the local molecular composition and spatial features of contact sites. Functional validation is used to evaluate the effects of

contact remodeling on fatty acid transport, beta oxidation, mitochondrial function, reactive oxygen species generation, mitochondrial DNA release, and

cellular damage outcomes. Overall, the figure emphasizes the need to establish a reliable evidence chain for the study of lipid droplet mitochondrial

contact points through the integration of multiple layers of evidence from “morphology composition function”. TEM: transmission electron microscopy;

CLEM: correlative light and electron microscopy; Cryo-ET: Cryo electron tomography; PDM: peridroplet mitochondria; APEX2: engineered ascorbate

peroxidase 2; ATP: adenosine triphosphate; OXPHOS: oxidative phosphorylation; ROS: reactive oxygen species; mtDNA : mitochondrial DNA.
3 BEiE-Sen R R = BT R EOR

Figure 3 Research technology for lipid droplet mitochondrial contact points
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Table 2 Advantages and limitations of main technology on lipid droplet mitochondrial contact point research
Technical Represent . o Representative
Main purpose Advantange Main limitation
category technology references
Ultrastructural ~ TEM, CLEM, Directly observe the spa- High resolution, pro- Difficult to reflect dynamic [42]
observation cryo-ET tial proximity and contact viding morphological processes; sample fixation
morphology between lipid evidence of contact may introduce artifacts
droplets and mitochondria existence
Living cells and Super - resolution Observation of contact Can track changes in Resolution and quantitative [42-44]
super - resolu- microscopy formation, dissociation, contact sites in living standards are still limited,
tion imaging FABCON and dynamic remodeling  cells,emphasizingtem- and the results are suscepti-
poral sequence ble to labeling strategies
Quantitative Contact) Quantify contact area, fre- Improve flux and re- Dependent on image quali- [43]
analysis of im- quency, and duration peatability to make the ty, threshold setting, and la-
ages “contact phenotype” beling accuracy
statistically analyzable
Separation and Density gradient Enrich interface related Interface related mole- Mechanical shearing can ea - [45-46]
enrichment centrifugation mitochondrial or lipid dro- cules can be studied sily damage the in-situ con-
strategy and PDM/LD re- plet components for subs- from the perspectives tact; it may also cause false
lated mitochon- equent proteomics, lipido- of composition and fun- positive co-enrichment sets
drial separation  mics, and respiratory fun- ction
ction analysis
Adjacent mar - APEX2, Capture protein profiles More suitable for ana- Strict negative/spatial con- [47-50]
kers and inter- Contact-1D, adjacent to contact sites lyzing “interface com- trol is required, and indivi-
face protein ca- Split-TurbolD,  under in-situ conditions ~ ponents” , which helps dual results cannot replace
pture CsFiND screen key tethering functional validation
and regulatory mole-
cules
Multi evidence Imaging+separa- Establish a closed - loop The most effective way Complex experimental de- [51-52]

integration veri-

fication

tion and enrich-
ment + adjacent
labeling + func-

tional detection

evidence chain of “struc-

ture composition  func-

tion”

to enhance the strength
of causal inference and
avoid equating “co-lo-
calization” with “func-

tional coupling”

sign, high technical thresh-
old, and high requirements

for sample quality
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