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Organelles, despite having distinct functions, interact with each other. Interactions between organelles typically occur at membrane contact sites (MCSs) to maintain cellular homeostasis, allowing the exchange of metabolites and other pieces of information required for normal cellular physiology. Imbalances in organelle interactions may lead to various pathological processes. Increasing evidence suggests that abnormalorganelle interactions contribute to the pathogenesis of non-alcoholic fatty liver disease (NAFLD). However, the key role of organelle interactions in NAFLD has not been fully evaluated and researched. In this review, we summarize the role of organelle interactions in NAFLD and emphasize their correlation with cellular calcium homeostasis, lipid transport, and mitochondrial dynamics.
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1 Introduction

Organelles such as the endoplasmic reticulum (ER), mitochondria, and lipid droplets engage in highly coordinated information exchange and material transfer, forming an intracellular organelle interaction network (1). Normal intracellular interactions are beneficial for maintaining the stability between organelles and various physiological and biochemical reactions. Abnormal intracellular interactions can lead to a series of diseases such as cardiovascular diseases, cancer, diabetes, and metabolic disorders (2).

Changes in people’s dietary structure and lifestyle coming with the development of the social economy have led to an increasing incidence of non-alcoholic fatty liver disease (NAFLD), which has become the most common chronic liver disease globally (3). The widespread prevalence of NAFLD directly leads to an increase in the incidence of cirrhosis, liver cancer, and cardiovascular diseases, posing a significant threat to human health and brings a heavy economic burden to patients, families, and society (4). Currently, the pathogenesis of NAFLD is not fully understood; however, in recent years, organelle interactions have attracted widespread attention in the occurrence and development of NAFLD. These interactions are closely related to lipid metabolism abnormalities, cellular calcium imbalance, and abnormalities in mitochondrial dynamics, all of which are potential mechanisms of NAFLD. In this review, we discuss the key role of organelle interactions in NAFLD.




2 Interactions between organelles



2.1 Interactions exist between organelles

In eukaryotic cells, there are various subcellular structures enclosed by single or double membranes—organelles, such as the ER, mitochondria, lipid droplets, Golgi apparatus, and lysosomes. Organelles may appear relatively independent, each with specific biological functions. In reality, these organelles often come into contact with each other, maintaining normal cell function through fine division of labor and collaboration (5). As one of the largest organelles in eukaryotic cells, the ER is responsible for the synthesis, folding, modification, structural maturation, and targeted distribution of proteins (6, 7), and it is also the center of lipid metabolism (6). Mitochondria are the main regulators of energy metabolism (8). They have two layers of membranes (9). In addition, they possess a circular genome known as mitochondrial DNA (mtDNA) (9). The Golgi apparatus, located near the cell nucleus, is a membrane-bound organelle. It primarily handles the transport, processing, and sorting of membrane proteins, secretory proteins, and lipids (10). Peroxisomes play various important roles in different cells. These functions include fatty acid β-oxidation, hydrogen peroxide degradation, glycerol metabolism, and the maintenance of cellular integrity (11). Lipid droplets (LDs),which are mainly located in the cytoplasm, store neutral lipids for energy or membrane synthesis (12). Early endosomes are carriers that enable the plasma membrane to absorb extracellular substances and can transport these substances to the plasma membrane, ER, or late endosomes (12). The digestive action of lysosomes can obtain extracellular or cell surface cargo through endocytosis, and also degrade intracellular components through autophagy (12). Endosomes and lysosomes work together in endocytosis and degradation, forming the endosomal system (13, 14).




2.2 Organelle interactions are facilitated through membrane contact sites

Organelle interactions are achieved through tiny membrane connections formed between them, which are known as membrane contact sites (MCSs) (15). Although the membranes from two organelles are in close contact at MCSs, they maintain their distinct identities and do not fuse. MCS formation shortens the distance between organelles, and this distance can vary within a certain range. For example, in mammalian cells, the distance between the ER and the plasma membrane dynamically varies between 19 nm and 22 nm (16). In budding yeast, this range is 17–57 nm (17). Additionally, MCSs can either dynamically change or remain stable depending in accordance with the requirements of cellular functionality.




2.3 Organelles complete important physiological functions through interactions

Observations through electron microscopy and fluorescence microscopy indicate that the structure of MCSs is relatively stable, indicating that connections between organelles have important functions (18). For example, the inositol trisphosphate receptor on the ER membrane binds with channel proteins and glucose-regulated protein 75 on the mitochondria to form MCSs, regulating calcium ion transport and maintaining mitochondrial calcium homeostasis (15). The actin nucleation factor at the contact points between the ER and mitochondria promotes the formation of actin complexes, recruits dynamin-related protein 1 to the outer mitochondrial membrane, and facilitates mitochondrial contraction and fission (19, 20). Research indicates that mitochondrial fission occurs at the junctions of mitochondria, endoplasmic reticulumER, and lysosomes, where Ras-related GTP-binding protein 7 promotes the formation of MCSs between lysosomes and mitochondria, participating in mitochondrial division (21). Other studies (22) have demonstrated that interactions between the ER and mitochondria are also closely related to mitochondrial fusion.





3 ER network

The ER, which serves as the starting point of the membrane system, communicates with almost all membrane-bound organelles (23, 24), such as the mitochondria, LD, Golgi apparatus, lysosomes, and the plasma membrane (PM). In addition, the ER is also connected to membraneless organelles (24, 25), thus forming a hub of the intracellular network (Figure 1).




Figure 1 | ER network. The ER interacts with mitochondria through the IP3R-GRP75-VDAC-MCU complex. VAPs and OSBP play important roles in the interactions between the ER and the Golgi apparatus or endosomes. VAP also plays a significant role in ER-peroxisome interactions by contacting ACBD5. FATP1 and DGAT2 bridge the ER to LD. The ER is also anchored to the PM through STIM1-Orai1 interactions.





3.1 ER-mitochondria interactions

Microscopic observations reveal that the ER and mitochondria are connected through multiple contact sites to form specific regions known as the mitochondria associated membrane (MAM) (26). The MAM is a highly variable and dynamic structure, and its maintenance of normal morphology during dynamic processes depends on certain protein molecules that serve as physical connections, such as the calcium ion channel inositol 1,4,5-trisphosphate receptor(IP3R), molecular chaperone glucose-regulated protein 75 (Grp75), ER-mitochondria encounter structure (ERMES), and mitochondrial fusion protein 2 (MFN2) (27). Previous studies (28, 29) have found that the ER and mitochondria interact extensively and frequently through MAMs, not only playing a crucial role in maintaining the functions of the ER and mitochondria but also becoming a core hub for integrating intracellular Ca2+ signaling and regulating lipid metabolism.



3.1.1 ER-mitochondrial interactions and Ca2+ transport

The ER is the primary calcium storage organelle within the cell, and the accumulation of Ca2+ within mitochondria largely depends on it. IP3R is a Ca2+ release channel on the ER that is activated by IP3, and it controls the transfer of Ca2+ from the ER to mitochondria through the MAM (30). In contrast, the voltage dependent anion channel 1 (VDAC1) interacts with IP3R through GRP75 on the MAM, forming an IP3R1-GRP75-VDAC1 complex, which directly facilitates the transfer of Ca2+ from the ER to mitochondria (31). Additionally, there are other proteins related to Ca2+ transfer, such as the Sigma-1 receptor (Sig1R), which is enriched at the MAM and regulates the exchange of Ca2+ between the ER and mitochondria by interacting with IP3R (32).

In addition to the aforementioned ion channels, MAMs possess a variety of Ca2+ regulatory proteins. MFN2 can promote the influx of Ca2+ into mitochondria by increasing the surface area of MAMs. MFN2 can also stimulate the sarcoplasmic/ER Ca2+-ATPase 2a (SERCA2) on MAMs, preventing excessive Ca2+ accumulation in mitochondria and apoptosis by regulating Ca2+ uptake (33). Furthermore, MAMs regulate the Ca2+ concentration through various pathways, maintaining it at a normal level as far as possible, which is of great significance for cellular homeostasis.




3.1.2 ER-mitochondrial interactions and lipid transfer

In addition to regulating Ca2+ transfer, another important function of MAMs is the exchange of phospholipids between organelles. Since mitochondria cannot synthesize phosphatidylserine (PS), they must import it from the ER. PS is transferred to the mitochondria through MAMs and then converted into phosphatidylethanolamine (PE) by phosphatidylserine decarboxylase (PSD), with PE eventually returning to the ER (34). Furthermore, MFN2 and the ER proteins ORP5/8 can specifically bind to PS, regulating its transfer to the mitochondria to be converted to PE (35).




3.1.3 ER-mitochondrial interactions and mitochondrial dynamics

A more detailed description is provided in Section 4.1.





3.2 ER and PM interactions

Electron microscopy reveals close contact between the ER and PM. This contact is not merely membrane fusion but involves interactions between specific proteins on the ER membrane and the plasma membrane (36). Known connection sites on the plasma membrane include transient receptor potential canonical (TRPC), Na+/Ca2+ exchangers (NCX), as well as proteins like junctin and Nir2 that directly span the ER and PM (37). Many important physiological activities occur at these connection sites, such as lipid transport and the maintenance of Ca2+ homeostasis.



3.2.1 ER-PM interaction and Ca2+ transport

The PM is an important barrier that prevents extracellular Ca2+ from entering the cell, and the ER-PM contact plays a crucial role in the transfer of Ca2+ signals. The stromal interaction molecule (the STIM protein) dynamically regulates Ca2+ signals within the cell. When the ER releases Ca2+, the STIM protein is activated and rapidly moves to the ER-PM contact area. At this point, the STIM protein activates the Orai channel, and subsequently, Orai1 guides the influx of extracellular Ca2+ into the cell, activates the SERCA pump, and promotes the entry of Ca2+ into the ER lumen (38, 39). In this process, SOCE is activated, and TRPC1 is identified as one of its molecular components. TRPC1 can bind with Orai1 to form a TRPC-Orai1 complex to regulate Ca2+ signals (40). In addition to the aforementioned proteins, there are also proteins like NCX at the ER-PM contact site. It forms an NCX1-TRPC3-IP3R1 complex with TRPC3 and IP3R1, which is involved in TNF-α-induced Ca2+ imbalance and apoptosis (41).




3.2.2 ER-PM interactions and lipid transport

ER-PM interactions play a crucial role in lipid transport. In the PM, oxysterol binding protein (OSBP)-related protein 5 (ORP5) and ORP8 bind to phosphatidylinositol-4-phosphate (PI(4)P diC 4, PI4P). They regulate the concentration of PI4P within the membrane by interacting with the Sac1 phosphatase in the ER, and can selectively enrich PS in the plasma membrane (42, 43). The binding of Nir2 and Nir3 to the PM involves the metabolite PA of PI (4,5) P2. They are responsible for transporting PA from the plasma membrane to the ER and transporting phosphatidylinositol (PI) from the ER to the PM, thereby providing the necessary components for the production of PI (4,5) P2 in the PM (43).





3.3 Interaction between the ER and lysosomes



3.3.1 ER-lysosome interaction and Ca2+ transport

The interaction between the ER and lysosomes plays a crucial role in cell biology, particularly in regulating intracellular Ca2+ signals [ (44). The interaction between the ER and lysosomes facilitates Ca2+ transport through the formation of MCSs (45, 46). Studies have found that the IP3 receptors (IP3R) in the ER and the transient receptor potential channels (TPRML1 and TPC2) in lysosomes are involved in this process, regulating the release and influx of Ca2+ (47). In addition, the regulation of Ca2+ signaling by lysosomes is also considered an important factor in controlling cell death and survival (48, 49).




3.3.2 ER-lysosome interactions and lipid transport

Lysosomes play a crucial role in cellular processes such as endocytosis and exocytosis. Endocytic products are initially found in early endosomes (EEs) and gradually mature into late endosomes (LEs). From these compartments, cargos can be sorted to different destinations—either returning to the PM or being transported to lysosomes via intraluminal vesicles (50). Recently, extensive MCSs between the ER and endosomes have been observed in many cell types (51). Interactions between the ER and lysosomes are important for intracellular lipid transport. As endosomes mature, the frequency of contact between them and the ER significantly increases, with this phenomenon occurring in about 50% of EEs and over 99% of LEs (52, 53). Cholesterol within endosomes is primarily acquired through the endocytosis of low-density lipoproteins, after which it is transported to downstream organelles, including the PM, ER, and mitochondria, during the endosome transport process to perform its physiological functions (54). Approximately 30% of endosomal cholesterol is transferred to the ER via MCSs, the process involving the interaction of multiple proteins, such as VAPs and endosome-localized proteins STARD3, ORP1L, and OSBP, which play key roles in maintaining ER-endosome MCSs and regulating lipid transport (55, 56). Furthermore, the interaction between VAPs and ORP1L promotes the transport of cholesterol from LEs to the ER, while STARD3 acts in the contrary effect by binding and transferring cholesterol between membranes (57, 58). The interaction between VAP and OSBP facilitates phospholipid homeostasis in ER-endosome MCSs by recruiting the PI(4)P phosphatase Sac1 to the MCS, further reducing the level of PI(4)P in endosomes (59).





3.4 ER-peroxisome interactions

Peroxisomes, which arise from the division of either existing peroxisomes or the ER, are involved in important functions such as lipid synthesis, fatty acid breakdown, and detoxification (5, 60, 61). They interact with other organelles through vesicular transport or MCSs, with interactions with the ER being particularly crucial for the biosynthesis of sterols and unsaturated fatty acids (62). Peroxisomes lack enzymes for autonomous lipid synthesis, and the required phospholipids are provided by the ER, with lipid transfer depending on the MCS between the ER and peroxisomes (36, 63). Studies have shown that ACBD5 in peroxisomes interacts with VAPs in the ER, and the resulting MCS plays an important role in lipid transfer and organelle maintenance (64). VAPs or ACBD5 overexpression can increase the number and surface area of MCSs (36). Additionally, PI(4,5)P2 in peroxisomes interacts with E-Syts in the ER, promoting cholesterol transfer. The MCS between the ER and peroxisomes also plays a significant role in the migration and distribution of peroxisomes, and its disruption can increase the quantity of movements and displacement of peroxisomes (65).





4 The mitochondrial network

Mitochondria play a central role in cellular metabolism, serving as the site where ATP is synthesized through processes such as oxidative phosphorylation and the tricarboxylic acid (TCA) cycle (66). The interactions between mitochondria and other organelles, such as the ER, lysosomes, and peroxisomes, form a complex network. These interactions are facilitated through vesicle transport and MCSs, ensuring the effective transfer of materials and signals within the cell (67, 68) (Figure 2).




Figure 2 | The mitochondrial network. Mitochondria play a central role in cellular metabolism and interact with other organelles. ECI2/ACBD2 plays an important role in the mitochondrial-peroxisome MCS. Rab7 is crucial in mitochondrial-lysosome interactions. LDs can recruit mitochondria through DGAT2 and perilipin5.





4.1 ER-mitochondria interactions and mitochondrial dynamics

Mitochondrial dynamics refers to the process by which mitochondria undergo cycles of fusion and fission, altering their shape, size, and location. ER-mitochondria interactions closely regulate the fission and fusion of mitochondria.



4.1.1 ER-mitochondrial interactions and mitochondrial fission

Mitochondrial fission refers to the process by which mitochondria are gradually divided into smaller ring-like structures within the cell. Key molecules involved in mitochondrial fission include mitochondrial dynamin 1 (Drp1), mitochondrial dynamin 2 (Dnm2), mitochondrial fission factor (MFF), and mitochondrial dynamin-like GTPase (MiD49 and MiD51) (69). Mitochondrial fission begins with the replication of mtDNA. ER markers recruit sites where Drp1 assembles into oligomers at the pre-constriction sites marked by the ER. At the mitochondrial-ER contact sites, the ER binds to mitochondrial fusion protein 2 (MFN2) and mitochondrial Spire1C, inducing actin nucleation and polymerization. Myosin II A at the contact sites provides mechanical force to drive mitochondrial pre-constriction. At these sites, MFF and MiDs recruit Drp1, which oligomerizes into a ring-like structure. GTP hydrolysis enhances membrane constriction, and then Dnm2 is recruited to the constriction site for assembly and membrane scission, resulting in the formation of two mitochondrial progenies (70).

Additionally, mitochondrial fission requires sufficient Ca2+ to complete organelle constriction. INF2 can promote the transport of Ca2+ from the ER to the mitochondria by enhancing the contact strength between organelle membranes at MAMs, aiding in the completion of mitochondrial fission (71). Numerous studies have demonstrated that Golgi-derived vesicles containing PI(4)P are recruited to mitochondrial-ER MCSs and can activate DRP1-mediated mitochondrial fission. The disruption of PI(4)P production leads to the prevention of mitochondrial fission and mitochondrial morphology defects (72). Mitochondrial lysosomal MCSs also play a significant role in mitochondrial fission. Studies indicate that over 80% of mitochondrial fission events are marked by lysosomal marker lysosome-associated membrane protein 1 (LAMP1)-positive vesicles (21, 73, 74).




4.1.2 ER-mitochondrial interactions and mitochondrial fusion

Mitochondrial fusion refers to the process whereby two or more mitochondria merge within a cell to form a larger mitochondrion. This process requires the activation of GTPases associated with actin, such as the mitochondrial fusion proteins 1 and 2 (Mfn1/2) on the outer mitochondrial membrane (OMM), and the optic atrophy protein 1 (Opa1) on the inner mitochondrial membrane (IMM), which sequentially fuse the OMM, IMM, and the internal components of the mitochondria (75). During the fusion of the outer mitochondrial membrane, Mfn1 and Mfn2 on the OMMs of two adjacent mitochondria connect with each other to initiate the fusion of the OMM (70, 76). After the fusion of the OMM, Opa1 and cardiolipin (CL) mediate the fusion of the IMM. Following GTP hydrolysis, the interaction between Opa1 and cardiolipin (CL) on both sides of the membrane bundles the two IMMs together, completing the fusion of the IMM (77).





4.2 Mitochondria and PM interaction

It has been demonstrated under the microscope that there is an interaction between mitochondria and the PM (78). Mitochondria located beneath the plasma membrane transfer Ca2+ to the ER) by regulating the activity of Ca2+-ATPase in the PM (79). In addition, the PM-mitochondrial MCS also play a role in the distribution of mitochondria during cell division (80, 81).




4.3 Mitochondria-lysosome interactions

Mitochondria and lysosomes are key organelles involved in cellular homeostasis, and they also interact with each other. Functionally, mitochondrial respiratory dysfunction can lead to lysosomal defects. For example, the absence of mitochondrial proteins AIF, OPAI, or PINK1, which affects mitochondrial function, can impair lysosomal activity (82). Conversely, lysosomal function has been certificated to be necessary for maintaining mitochondrial homeostasis. For instance, mTORC1 in neurons promotes the mitochondrial stress response, regulates its activity, and increases the fusion of lysosomes with mitochondria; disrupting lysosomal acidification reduces mitochondrial respiration (83). Additionally, mitochondria and lysosomes can directly interact under stress conditions through mitochondrial-derived vesicles (MDVs) and mitophagy (73).

Mitochondria-lysosome MCSs are abundant. Unlike MDVs that fuse with lysosomes or mitochondria during autophagy, mitochondria-lysosome MCSs do not lead to substantial transfer of mitochondrial matrix contents or mitochondrial degradation (21). The average distance between membranes in mitochondria-lysosome MCSs is 10 nm, and they play a crucial role in regulating the dynamic properties of the two organelles and ensuring Ca2+ transfer. Rab7 is a GTPase, a key protein that can regulate the dynamic process of tethering and detaching of mitochondria-lysosome MCSs (73). Rab7 is in an active GTP-bound state under normal conditions; however, it becomes inactive in a GDP-bound state when GTP is hydrolyzed (21). The interaction between GTP-Rab7 in lysosomes and Rab7 effectors in mitochondria plays a central role in maintaining the stability of mitochondria-lysosome MCSs. However, the mitochondrial outer membrane (OMM) protein FIS1 recruits the cytoplasmic TBC domain family member 15 (TBC1D15) to promote the hydrolysis of GTP-bound Rab7 to a GDP-bound state, thereby leading to the dissociation of MCSs (73).




4.4 Mitochondria and peroxisomes interaction

Both mitochondria and peroxisomes play important roles in lipid and reactive oxygen species (ROS) metabolism (84). Studies have found that the mitochondrial outer membrane translocase TOM20 and the peroxisomal enoyl-CoA isomerase ECI2 interact with peroxisomes (84). Peroxisomes play a crucial role in the oxidation of long-chain fatty acids, which are then transferred to mitochondria for complete β-oxidation, suggesting that the interaction between mitochondria and peroxisomes plays an important role in the regulation of lipid metabolism (85).




4.5 Mitochondria and lipid droplet interactions

A more detailed description is provided in section 5.2.





5 Lipid droplet network system

LDs are multifunctional membrane-bound organelles with a neutral lipid core that are capable of interacting with various other organelles (86–88), playing a significant role in metabolic regulation (Figure 3).




Figure 3 | Lipid droplet network system. The contact between LD and ER occurs through membrane bridges and classical MCS, with Rab18, FATP1, and DGAT2 playing key roles in triglyceride synthesis and lipid droplet expansion; the binding of LD to mitochondria promotes the exchange of energy and metabolites, and the interaction between Mfn2 and Plin1 enhances this interaction; VPS13B maintains the integrity of the Golgi apparatus, affecting its secretory function; the contact between LD and peroxisomes promotes fatty acid metabolism and prevents lipotoxic damage.





5.1 LD-ER interactions

LDs originate from the ER (89). Interactions between ERs are mainly of two types. One type is the membrane bridge, which is composed of continuous ER and LD membranes, and the Seipin protein is a key component that promotes the stable binding of the membrane bridge (90). Mutations in Seipin can lead to abnormalities in the contact interface between ER and LD, indicating that it may play a role in stabilizing contact points during the formation of the membrane bridge (91, 92). The second type is the classical membrane contact site (MCS). In ER-LD membrane contact sites, the ER-located protein ORP5 plays an important role in the transfer of PC from ER to LD (93). The tethering proteins of ER-LD MCS are composed of various components, including the ER-located fatty acid transport protein 1 (FATP1), the LD-located diacylglycerol acyltransferase 2 (DGAT2), as well as the ER-associated NAG-RINT1-ZW10 (NRZ) complex and related SNAREs (Syntaxin-18, Use1, BNIP1), and also include the LD-located Rab18 (36, 94, 95). Rab18 is associated with lipolysis and lipogenesis, and its overexpression causes the ER and LDs to be closely adjacent. Studies have demonstrated that the interaction of Rab18-NRZ-SNARE regulates the synthesis of triglycerides in the ER, thereby promoting the growth and maturation of LDs (94, 95). In addition, the FATP1 and DGAT2 complex combines the synthesis of triglycerides with LD deposition to maintain ER-LD membrane contact sites and promote LD expansion (94, 96).




5.2 Interaction between LDs and mitochondria

The contact between LDs and mitochondria promotes the efficient exchange of energy and metabolites. In brown adipocytes, mitochondria exist around LDs, and such mitochondria are referred to as peri-droplet mitochondria (PDM) (97). Further studies have shown that PDMs are firmly attached to LDs and remain stable. Even after management with detergents or trypsin, the connection between them remains intact. PDMs exhibit strong capabilities in pyruvate oxidation and ATP synthesis, while their ability for fatty acid β-oxidation is relatively weak. These functional characteristics not only provide ATP for the synthesis of triglycerides (TG) but also promote the storage of fatty acids in the form of TGs in LDs, reducing fatty acid oxidation (98). Additionally, adrenergic stimulation can induce the binding of mitochondrial surface protein Mfn2 with Plin1. This binding mediates the interaction between LDs and mitochondria (99). Proteins of the ESCRT family, TSG101 and VPS13D (vacuolar protein sorting-associated protein 13D), can mediate the interaction between LDs and mitochondria. This enhances the mitochondrion’s acquisition and utilization of neutral lipids from LDs (100).




5.3 Interaction between LD and the Golgi apparatus

The interaction between LDs and the Golgi apparatus may affect the secretory function of the latter. The trans-Golgi network (TGN), located at specific sites, is an important sorting structure for proteins and lipids within the cell. VPS13B can form membrane contact sites between the TGN and LD, thereby maintaining the integrity and function of the TGN. VPS13B dysfunction can lead to protein secretion disorders and lipid metabolism imbalance (86).




5.4 LDs interact with peroxisomes

Research indicates that 10% of LDs make contact with peroxisomes (63). The peroxisome-LD MCS may link lactate dehydrogenase-mediated lipolysis with the fatty acid β-oxidation process within peroxisomes. The LD protein M1 spastin interacts with the peroxisomal protein ATP-binding cassette subfamily D member 1 (ABCD1), promoting the formation of MCS between peroxisomes and LDs, thereby assisting fatty acids in crossing the organelle boundary and preventing lipotoxic damage (101, 102).





6 The role of organelle interactions in NAFLD



6.1 Dysfunction of membrane contact sites and NAFLD

An increasing number of studies have indicated that the disruption of organelle interaction networks is closely related to the development of various diseases. Among these studies, the interaction between the ER and mitochondria has attracted particular attention, with the most in-depth research conducted in the context of NAFLD. In the livers of patients with NAFLD, the integrity of the MAM is compromised. This damage manifests as changes in the spatial distance between membranes and alterations in the protein composition of the MAM. For instance, in the livers of NAFLD mice induced by a high-fat diet, the levels of MAM-associated proteins such as IP3R1/2, MFN2, Sig-1R, and PACS-2 are significantly elevated (103). The number of MAMs in patients with NAFLD is significantly increased and correlates positively with the degree of fatty liver (104). Furthermore, overactivated MAMs trigger mitochondrial calcium overload, leading to excessive ROS production, oxidative stress (105), the opening of the mitochondrial permeability transition pore, and other mitochondrial dysfunctions, which, in turn, cause cell apoptosis (106), cellular senescence (107), metabolic disorders, insulin resistance, and cellular steatosis (108).



6.1.1 The impact of MAMs on mitochondrial calcium overload and NAFLD

A more detailed description is provided in Section 6.3.




6.1.2 MAMs regulate lipid synthesis and transport

A more detailed description is provided in Section 6.2.




6.1.3 The impact of MAMs on mitochondrial autophagy and NAFLD

Autophagy, a self-digestion process that occurs within eukaryotic cells, is highly evolutionarily conserved. Its characteristic feature is the formation of autophagosomes, which are double-membrane vesicles with a membrane structure derived from the ER. Cells maintain homeostasis by clearing dysfunctional or damaged mitochondria through a process known as “mitochondrial autophagy.” Existing evidence suggests that core proteins play a role in MAMs, participating in PINK1/Parkin-mediated mitochondrial autophagy and regulating the integrity and function of MAMs (109). Beclin1 is located at MAMs, it promotes the increase the number of MAMs and the formation of autophagosome precursors together with PINK1 (110). Studies have found that in diabetic model mice, the expression levels of Parkin and PINK1 are reduced, which in turn decreases the number of mitochondrial autophagosomes and increases oxidative stress in liver cells (111); similarly, in the livers of NAFLD model rats, PINK1-Parkin-mediated mitochondrial autophagy is significantly reduced, leading to the accumulation of damaged mitochondria (112). Activating PINK1-Parkin-mediated mitochondrial autophagy can improve fat deposition and mitochondrial damage in liver cells of patients with NAFLD (113–115). In addition, the mitochondrial autophagy-related protein FUNDC1 accumulates in MAMs by interacting with IP3 receptor 2 in MAMs and promotes the formation of MAMs and the release of Ca2+ from the ER to mitochondria (116, 117). Mice lacking FUNDC1 exhibit severe obesity and insulin resistance (118). In summary, mitochondrial autophagy is a key mechanism in the pathogenesis of NAFLD, and the structure and function of MAMs are crucial to this mechanism. Therefore, regulating MAMs to affect mitochondrial autophagy may become a new target for the treatment of NAFLD.




6.1.4 The impact of MAMs on mitochondrial ROS generation and NAFLD

At present, several Ca2+ channel regulators have been identified in MAMs. These regulators can modulate the production of mitochondrial reactive oxygen species (mtROS). At the molecular level, ERo1α oxidizes IP3R1, prompting the dissociation of ERp44 from IP3R1, thereby enhancing the transfer of Ca2+ from the ER to the mitochondria, leading to excessive mtROS generation. Conversely, through ERo1α-dependent mechanisms, Ca2+ signaling at MAMs is enhanced (119). In addition, MAMs can also directly generate mtROS through P66Sh (120). Under normal conditions, ROS maintain cellular homeostasis and play a role in signal transduction. When mitochondria are damaged, ROS levels increase. ROS accumulation in hepatocytes affects insulin and inflammatory signaling, promoting the occurrence of insulin resistance and inflammation, thereby further advancing NAFLD (121). Studies have shown that activating the AMPK signaling pathway can promote mitochondrial biogenesis and energy metabolism in the livers of HFD-induced NAFLD mice, reduce cellular ROS levels, and thereby alleviate hepatic lipid deposition (122).




6.1.5 The impact of MAMs on cellular senescence and NAFLD

Cellular senescence is a state induced by stress signals that cause cells to enter a cell cycle arrest and lose their ability to proliferate (123). Studies have shown that the levels of senescence-associated markers p16, p21, and SA-β-Gal in fatty liver are positively correlated with the grade of NAFLD, insulin resistance, hepatic inflammation, and fibrosis levels (124). Recent research indicates that MAMs play a significant role in cellular senescence and are deeply involved in the pathogenesis of NAFLD (125). The number of MAMs in the livers of HFD mice and ob/ob mice is significantly increased. This change is closely related to hepatic insulin resistance and steatosis (103). Introducing exogenous MAM connectors into normal mice can promote MAM formation. This process can induce the occurrence of insulin resistance. Conversely, knocking down IP3R2 to inhibit MAMs formation can significantly improve glucose homeostasis, alleviate cellular senescence, and thus effectively alleviate hepatic steatosis (107).




6.1.6 The impact of MAMs on unfolded protein response and NAFLD

Under stress conditions, cells accumulate unfolded or misfolded proteins, leading to ER stress (ERS). To maintain the function of the ER and the homeostasis of intracellular proteins, the UPR is activated by transmembrane stress sensors located in the ER, which include inositol-requiring enzyme 1α (IRE1α), RNA-dependent protein kinase-like ER kinase (PERK), and transcription factor 6α (ATF6α) (126). Notably, UPR proteins IRE1α and PERK are distributed on MAMs. The MAM-located E3 ubiquitin ligase MITOL inhibits the overactivation of IRE1α by ubiquitinating it. When MITOL is absent, apoptosis increases. Additionally, reducing PACS2 expression can decrease the interaction between MITOL and IRE1α and also lower the ubiquitination level of IRE1α. Moreover, MAMs play a role in the attenuation of IRE1α signaling after ERS is resolved (127).

Although the absence of MFN2 enhances UPR activation, it also mitigates the degree of apoptosis, and inhibiting PERK can partially reverse the phenotype caused by MFN2 deficiency (128). MFN2 directly interacts with PERK and may act as an enhancer regulator of PERK, while the absence of MFN2 may lead to ERS (129). Studies have found that a transient UPR can inhibit steatosis, while sustained high levels of ERS can exacerbate hepatic steatosis, ultimately leading to UPR-induced apoptosis and promoting the occurrence and progression of NAFLD. In patients with NAFLD, UPR initiation activates the c-Jun N-terminal kinase (JNK) signaling pathway, leading to inflammation and apoptosis (130). Under high-fat diet conditions, the loss of JNK function can protect mice from insulin resistance. Furthermore, the UPR pathway can directly or indirectly regulate the expression of lipid synthesis enzymes, thereby increasing lipid synthesis and storage. UPR activates the key transcription factor in lipid metabolism—the liver X receptor 1c. Its overactivation leads to hepatic fat deposition and further exacerbates ERS (131).





6.2 Homeostasis and NAFLD

LD plays a coordinating role in lipid synthesis, storage, secretion, and degradation, which are crucial for maintaining lipid balance (132). LD accumulation in hepatocytes leads to steatosis, which is the main pathological feature of NAFLD, and the interactions between LDs and organelles have become a new focus of NAFLD research.



6.2.1 LDs and ER in NAFLD

The liver’s fat mainly comes from three sources: free fatty acids (FFA) produced by the breakdown of adipose tissue, de novo fatty acid synthesis, and dietary intake. The liver synthesizes fat primarily in the form of very low-density lipoprotein (VLDL). An increase in fatty acid sources and impaired fat secretion are the main reasons for the increased lipid levels in the livers of patients with NAFLD (133). The interaction between LDs and ER plays an important role in the processes of fat breakdown and VLDL synthesis and secretion (134). In hepatocytes, apolipoprotein B (ApoB) is a key molecule for VLDL assembly and secretion. At the same time, the interaction between LDs and ER affects VLDL assembly by regulating ApoB degradation. After ApoB binds to lipids on the ER luminal side, it accumulates on LD. Subsequently, ApoB is transferred from the ER luminal side to the cytoplasmic side, binds to UBXD8 on LDs after ubiquitination, and is transported to the proteasome for degradation. In mice with UBXD8 gene deletion, the VLDL level in the serum is significantly reduced, and the degree of hepatic steatosis is also significantly increased (134). In the liver tissue of mice with NAFLD fed with a high-fat diet, the contact between LDs and ER increases may affect the storage and output of fat (135).




6.2.2 LD and mitochondria in NAFLD

Researchers have observed via electron microscopy that in the livers of mice fed with a high-fat diet, mitochondria are in contact with LDs (103). Studies have found that Plin5 can promote the contact between mitochondria and LDs to form PDMs (98, 136). Plin5 can also facilitate the contact between mitochondria and LDs, form LD-mitochondria contact sites, and store fatty acids as TGs, help to buffer excess FFAs, thereby protecting hepatocytes from lipotoxic effects (137). In addition, Plin5, by promoting contact between LDs and mitochondria, can upregulate genes related to mitochondrial function, reduce ROS levels in cells, thus, protect hepatocytes from oxidative stress damage (138). If Plin5 is knocked out, hepatic steatosis is alleviated, but the free FFAs produced by lipolysis increase, leading to lipotoxic damage (139). On the other hand, when the content of fatty acids in the cytoplasm increases, the contact protein Plin5 between mitochondria and LDs also increases, prompting fatty acids to directly enter mitochondria from LDs, enhancing the oxidation and utilization of fatty acids, and reducing the toxicity brought by high concentrations of fatty acids in the cytoplasm (140, 141).




6.2.3 Interaction of LD with other organelles and NAFLD

Lysosomes interact with LDs to form autophagosomes. Autophagosomes break down neutral lipids within LDs, release FFAs, which are then used for energy metabolism. This process is known as lipophagy. In the liver, lipophagy is the main pathway for lipid breakdown, and in the liver tissue of patients with NAFLD, this process often occurs abnormally (142). Oxidative stress and lipid peroxidation are closely related to the occurrence of NAFLD, while antioxidant enzymes and enzymes that produce ROS in peroxisomes play an important role in maintaining the balance of fatty acid β-oxidation and redox homeostasis. In cells treated with oleic acid, peroxisomes form stable membrane contact sites with LDs, and their inner membranes can extend into the interior of LDs (86). Proteomic analysis of extracted lipid droplet LDs revealed significant enrichment of peroxisomal β-oxidation enzymes within LDs (135).





6.3 Calcium ion homeostasis and NAFLD



6.3.1 ER and mitochondrial calcium homeostasis

Research indicates that the MAM plays a crucial role in maintaining Ca2+ homeostasis, and its dysfunction is a key link leading to lipid deposition in hepatocytes and mitochondrial calcium overload (143). The expression levels of Ca2+ channel proteins associated with MAM are positively correlated with the concentration of MAM (144). In the livers of obese mice, the fat deposition in hepatocytes increases the number of contact points between the ER and mitochondria and also enhances the transfer of Ca2+ from the ER to the mitochondria (145). This leads to mitochondrial calcium overload, which in turn triggers a series of adverse consequences such as mitochondrial dysfunction, increased ROS production, weakened insulin action in the liver, and metabolic abnormalities, further exacerbated the deposition of liver lipids and formed a vicious cycle (103). Studies have demonstrated that during the development of NAFLD, the activity of SERCA within hepatocytes significantly decreases, leading to reduced Ca2+ input and increased output in the ER, thereby causing mitochondrial calcium overload and ERS (146). Restoring SERCA activity significantly reduces the levels of ERS-related markers, such as glucose-regulated protein 78, sterol regulatory element-binding protein, phosphorylated PERK, phosphorylated eIF2α, and C/EBP homologous protein, while also alleviating lipid deposition in hepatocytes (146, 147). In addition, CDGSH iron-sulfur domain-containing protein 2 can regulate the oxidative modification of SERCA2b, increase ER Ca2+ uptake, maintain Ca2+ homeostasis, and inhibit mitochondrial calcium overload and ERS, thereby improving NAFLD (148). Furthermore, downregulating the levels of MAM-associated proteins IP3R1 and PACS-2 can improve lipid deposition in hepatocytes caused by Ca2+ disorder, thereby reducing the burden on the liver (103).




6.3.2 Lysosomal calcium homeostasis

Lysosomal calcium homeostasis plays a crucial role in maintaining lysosomal function. The balance of lysosomal calcium is essential for its function, and its disruption can lead to diseases associated with lysosomal acidification (149). This is related to the proteolytic activity of lysosomes (150). Furthermore, impaired proteolytic activity in lysosomes can negatively affect the autophagy proteolysis system. This impact ultimately leads to cellular senescence (151–155). In senescent cells, damaged mitochondria accumulate (156). Further research has found that dysfunction of the mitochondrial respiratory chain can inhibit the lysosomal calcium release channel MCOLN1 (also known as TRPML1), thereby disrupting lysosomal calcium homeostasis (157). The regulation of lysosomal calcium release plays an important role in controlling lysosomal biogenesis, exocytosis, and autophagy (158). Impairment of TRPML1 Function results in enlarged lysosomes, calcium ion accumulation, and increased pH, leading to lysosomal dysfunction and ultimately cellular senescence (150, 158). Studies have shown that ROS produced by mitochondria can activate TRPML1, thereby inducing lysosomal calcium release (73), further inducing autophagy and lysosomal biogenesis (159) and delaying cellular senescence. However, excessive ROS levels in mitochondria have the opposite effect, leading to lysosomal dysfunction and cellular senescence (158, 159). In summary, these data suggest that the calcium balance of lysosomes may lead to NAFLD-induced liver dysfunction.





6.4 Mitochondrial dynamics and NAFLD

The dynamic balance between mitochondrial fusion and fission is an essential condition for the normal functioning of cells. When this dynamic balance is disrupted, the morphology and function of mitochondria are affected. Such changes may lead to the occurrence and progression of NAFLD.

In NAFLD hepatocytes, there is an imbalance in mitochondrial dynamics, characterized by impaired mitochondrial fusion (160) and enhanced mitochondrial fission (161). This leads to alterations in the normal mitochondrial structure, disruption of the mitochondrial tubular network, fragmentation, swelling, and the appearance of short rod-like and spherical shapes. There is a decrease in the mitochondrial membrane potential, destruction of cristae structure (162), and loss of cristae (163), which inhibits cellular metabolism, affects mitochondrial function, and accelerates hepatocyte death. In comparison with normal hepatocytes, the expression levels of Mfn2 and Opa1 proteins are reduced in NAFLD hepatocytes, while the expression levels of Fis1 and DRP1 proteins are increased. Studies have found that patients with non-alcoholic steatohepatitis have significant changes in mitochondrial structure and a significant decrease in Mfn2 levels (164). By examining the expression of proteins related to mitochondrial fusion and fission in the livers of high-fat-fed mice, it was found that the expression of fission proteins (Fis1, Drp1) was enhanced, while the expression of fusion proteins (Mfn2, Opa1) decreased (165). Therefore, in NAFLD, the expression of proteins related to mitochondrial fusion decreases, while the expression of proteins related to fission increases, leading to weakened fusion, enhanced fission, and an imbalance in mitochondrial dynamics. On the other hand, increased OXPHOS activity stimulates mitochondrial fusion, while OXPHOS deficiency leads to defects in mitochondrial inner membrane fusion (166). In NAFLD, mutations in OXPHOS genes result in OXPHOS deficiency, which, in turn, leads to defects in mitochondrial inner membrane fusion, impaired mitochondrial fusion, and an imbalance in mitochondrial dynamics (167). Additionally, OXPHOS deficiency or inhibition can lead to the development of oxidative stress, increased ROS production, and further damage to the respiratory chain, preventing the complete oxidation of FFA and affecting β-oxidation (168). Therefore, the fission and fusion of mitochondria can affect fatty acid oxidation under certain circumstances (169). In summary, hepatocyte mitochondrial damage is an important mechanism in the pathogenesis of NAFLD. Abnormal mitochondrial dynamics characterized by impaired fusion and increased fission can lead to mitochondrial dysfunction and damage to hepatocytes, thereby exacerbating the pathological process of NAFLD. Correcting the imbalance in mitochondrial dynamics (promoting fusion and inhibiting fission) can effectively repair damaged mitochondria in hepatocytes and alleviate NAFLD.





7 Conclusion

In eukaryotic cells, fundamental biological reactions are finely compartmentalized within membrane-bound organelles. This structural separation allows incompatible biological processes to occur independently in specific microenvironments, thereby significantly enhancing cellular functional efficiency and ensure the orderly progression of various physiological activities. However, organelles do not exist in isolation; they form a complex and sophisticated biological system that requires active communication and interaction to maintain cellular homeostasis and normal function. Dysfunctional interactions between organelles can lead to a variety of intracellular issues and have profound effects on other important biological processes, such as cellular energy metabolism imbalance. Mitochondria are the primary energy producers within the cell, and their activities, particularly ATP synthesis, are finely regulated by calcium signaling to ensure that cells meet their energy demands under different physiological states. Especially at the contact points between the ER and mitochondria, calcium transfer mediated by IP3 receptors plays a crucial role in maintaining basal mitochondrial metabolism, ensuring that cells can maintain a stable supply of energy in a dynamically changing environment. Under normal cellular conditions, the inhibition of IP3 receptor activity leads to significant impairment of cellular energy metabolism, thereby affecting the overall function of the cell. In addition, peroxisomes and mitochondria are jointly involved in fatty acid degradation. Dysfunctional mitochondria can supplement the TCA cycle through the mitochondrial retrograde signaling pathway, while peroxisomes convert fatty acids to acetyl-CoA, forming a complementary metabolic network. Due to impaired fatty acid metabolism, defects in peroxisomes have a profound impact on the pathological state of mitochondria, further exacerbating cellular metabolic disorders. Therefore, these organelles work together to form an interactive network to maintain cellular homeostasis and complete a series of complex biological processes. A deeper understanding of the interrelationships between organelle interactions will help us expand our understanding of the mechanisms of complex cellular behaviors, providing new ideas for therapeutic exploration. However, the study of these interactions is not only limited to the field of NAFLD; it also involves a variety of physiological and pathological processes. Therefore, our review provides important clues and insights for a more in-depth understanding of cellular functions from a new perspective, promoting the advancement of research in related fields.
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