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Abstract 
 

Background: Cardiolipin (CL) is a specialized dimeric phospholipid comprising 

approximately 25% of total phospholipids in the inner mitochondrial membrane in eukaryotes, 

where it functions in energy metabolism, autophagy and apoptosis, and other important cellular 

processes. CL produced de-novo in the Kennedy pathway is considered nascent due to its non-

specific acyl chain profile and is then remodeled to mature CL in the Lands pathway. CL plays 

several important roles within the mitochondria, including interacting with the electron transport 

complexes, maintaining the cristae architecture, mediating the apoptotic process, as well as 

acting in the initiation of mitophagy. Due to these reasons, the appropriate synthesis and 

remodelling of CL has implications for healthy physiological function. We have discovered a 

potential novel enzyme involved in CL metabolism, and the purpose of this thesis was to 

characterize the function of this enzyme in  these processes.   

Major Aims and Approach: The major aims of this thesis were: 1) To investigate the in vitro 

effects of this enzyme on CL synthesis and 2) To characterize the role of this enzyme in normal 

physiology using mice deficient in this gene.  

Results: For our first aim, we discovered that overexpressing this enzyme in HEK-293 cells 

caused alterations in CL levels in vitro, while the partially purified enzyme displayed an ability 

to directly remodel monolysocardilipin using phosphatidylcholine as an acyl donor in vitro, 

which indicates a new and previously unreported function for this enzyme. My second aim had 

three objectives. The first was to assess alterations in CL content in tissues of mice deficient in 

this enzyme, versus Wt controls, and we discovered that gene ablated mice displayed tissue-

specific alterations in CL content, and this was present in both male and female mice deficient in 

this enzyme.  
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The second objective was to determine if there are differences in growth, food intake, and 

gross morphology between wildtype and gene ablated mice. Male gene-deficient mice exhibited 

differences in food intake, organ weights, and life span. These differences were not observed in 

female mice, though they followed similar trends despite not reaching statistical significance.  

The final objective of this thesis was to assess metabolic measures and exercise tolerance. 

Deficiency in this enzyme caused differences in  oxygen consumption, carbon dioxide 

production, and energy expenditure in both sexes. Male gene-ablated mice also exhibited 

differences in rearing activity, and exercise tolerance. The differences in rearing activity and 

exercise tolerance were however not observed in female gene deficient mice.    

Conclusions: The findings of this thesis indicate a novel role for this enzyme in CL metabolism, 

including an ability to remodel CL in vitro. Characterization of gene-deficient mice also 

indicated significant phenotypic differences, especially in male mice, while gas chromatography 

analysis demonstrated major tissue-specific changes in CL content. These results provide insight 

into the function of this enzyme. 
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Chapter 1: Introduction 
 

Cardiolipin (CL) is a specialized dimeric phospholipid comprising ~25% of total 

phospholipids in the inner mitochondrial membrane in eukaryotes and is produced de-novo in the 

Kennedy pathway (1). CL constitutes about 20% of total phospholipids. Given its requirement 

for oxidative phosphorylation, the total amount of CL content varies between tissues in 

proportion to their oxygen demand (1). Compared to other phospholipids, CL has among the 

slowest turnover rates, with a half-life of 10.4 days compared to other phospholipids exhibiting 

an average half-life of 5.4 days (2).   

 CL plays several important roles in mitochondria. CL interacts with each of the electron 

transport complexes (3, 4), stabilizes respiratory supercomplexes (5), participates in 

mitochondrial fusion and fission (6), mediates crosstalk between mitochondria and lysosomes 

during the autophagic process (7), and is involved in protein transportation (8). Additionally, CL 

is required to maintain proper cristae architecture within the mitochondria (9), and the relocation 

of CL from the inner mitochondrial membrane to the mitochondrial surface has been shown to 

play a role in signal recognition for mitophagy (10). 

 CL is also an important factor in the regulation of cell death (11).  Among phospholipids, 

CL’s specific mitochondrial location and typical enrichment with unsaturated fatty acyl chains 

cause it to be the most susceptible among cellular PLs to oxidative damage by reactive oxygen 

species (ROS) (12). Oxidation or peroxidation of CL by ROS can cause mitochondrial 

dysfunction by impairing the electron transport chain at complex I and III, and can also to 

promote apoptosis (13). This has implications for health and disease, since CL peroxidation is 

associated with a variety of disease states (14). 
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CL produced de-novo in the Kennedy pathway is considered ‘immature’ or ‘nascent’ and 

a mature CL molecule is one that contains a fatty acyl chain profile that is distinct to, and 

functionally useful for the tissue in which it is located (15).  This chemical specificity is achieved 

via remodeling through a process that utilizes phospholipase, acyltransferase, and transacylase 

enzymes (16-18). Remodeling of ‘immature’ CL begins with phospholipases (PLA1/2 ) cleaving 

non-specific acyl chains from the glycerol backbone, producing monolysocardiolipin (MLCL) or 

dilysocardiolipin (DLCL) (19). Re-acylation is achieved by an acyltransferase that uses fatty 

acyl-CoAs as donor substrates, or a transacylase that cleaves a fatty acyl chain from another 

phospholipid, producing a fully acylated or ‘mature’ CL, as well as a new lysophospholipid  

(20). These acyltransferases and transacylases are identified as CL ‘remodelling’ enzymes, and 

to date, four enzymes have been identified by other labs that can re-synthesize CL by acylating 

MLCL or DLCL (21). Understanding the role of remodelling enzymes in tissue-specific CL 

formation is critical for understanding how mitochondria function in normal and disease states, 

given that altered mitochondrial function and health is implicated in the pathology of a host of 

diseases including Alzheimer’s disease (22), Parkinson’s disease (23), cardiovascular disease 

(24), diabetes (25), immunological conditions (26), several types of cancer (27-29), aging (30, 

31), ischemia (32, 33), hypertension (34, 35), and heart failure (36). 

Prior work by our laboratory had indicated a role for a fifth enzyme, Phospholipase 

A/acyltransferase 1 (PLAAT1), in CL remodeling. Our research group recently published work 

demonstrating that PLAAT1 localizes to the endoplasmic reticulum (ER) and mitochondria-

associated ER membranes (MAM), and that cells overexpressing PLAAT1 have higher levels of 

total CL (37). Prior, unpublished work by our lab has also found that crude cell lysates from cells 

overexpressing PLAAT1 have increased transacylase activity using MLCL as an acyl acceptor, 
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and phosphatidylcholine as an acyl donor, suggesting that it may directly catalyze the formation 

of CL as a novel function (38).  In support of this, PLAAT1 has been reported to have O-

transacylase activity in vitro (39), although to the best of our knowledge, no prior reports of 

PLAAT1 activities with CL or CL-related substrates have been reported. However, PLAAT1 

also has N- transacylase activity, and therefore functions in the regulation of production of N-

acylethanolamides (NAEs) (39). These bioactive compounds can regulate cellular metabolic 

processes that control levels of mitochondria and levels of enzymes involved in CL biosynthesis, 

which ultimately influences CL levels (40). Thus, it is possible that our observations of a 

promoting effect of PLAAT1 on cellular CL levels and CL synthesis capacity of crude lysate 

may have occurred indirectly, as a result of enhanced NAE-mediated signaling.  Definitive 

evidence that PLAAT1 can directly remodel CL thus requires analysis using purified enzyme.  

This thesis therefore first describes a series of biochemical studies to characterize the CL 

remodeling activity of affinity-purified PLAAT1. While our lab has previously tested effects of 

PLAAT1 overexpression on CL content and CL synthesis in cells, effects of PLAAT1 deficiency 

have not yet been studied. To address this, we generated Plaat1gene knockout mice. The CL 

content of tissues expressing high levels of Plaat1 were analyzed, as well as CL content and 

composition. Finally, an initial phenotypic characterization and morphology of Plaat1 knockout 

mice were performed, with an emphasis on evaluation of characteristics that could be related to 

mitochondrial function.  
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Chapter 2: Biochemical Foundations 
 

 

Functions of Cardiolipin  
 

CL influences various aspects of mitochondrial membrane dynamics and function, 

playing a critical role in maintaining the integrity and permeability of the inner mitochondrial 

membrane (41). CL’s high content of unsaturated fatty acids makes the inner mitochondrial 

membrane impermeable to protons and other ions, creating the electrochemical gradient 

necessary for ATP synthesis (41, 42). CL is also involved in oxidative phosphorylation through 

direct interaction with the proteins and complexes of the electron transport chain (ETC), and 

thereby influences their function. CL binds to Cytochrome C, an essential protein in the ETC, 

facilitating its connection to the inner mitochondrial membrane (41), and this interaction is 

critical for the efficient transfer of electrons from cytochrome c to complex IV (cytochrome c 

oxidase), in the final complex of the ETC (41). 

 CL is also involved in mitochondrial fusion and fission, and helps to regulate these 

processes. Mitochondria possess a unique double-membrane structure that enables them to 

segregate various biochemical processes. Their particular morphology, encompassing their 

dimensions, shape, and branching, is closely connected to their function, and fusion and fission 

events help them maintain both morphology and function (43). During fusion, two mitochondria 

merge to create a larger structure, while fission leads to the division of a single mitochondrion 

into two (44). In the fusion process, CL binds with Mitofusin (Mfn), a protein integral to the 

outer mitochondrial membrane, to facilitate tethering neighboring mitochondria together, which 

forms the initial step in the fusing of distinct mitochondria (44). In contrast, during fission, CL 

interacts with the Dynamin-related protein 1 (Drp1), a GTPase that wraps around the 

mitochondrion and constricts it to facilitate the division into two mitochondria (45). Therefore, 
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changes in the amount or composition of CL may induce changes in mitochondrial fusion and 

fission, impacting the overall mitochondrial morphology. 

Apoptosis, a programmed cell death mechanism crucial for sustaining homeostasis, is 

influenced by alterations in CL’s content, positioning, and structure (46). CL is pivotal to the 

onset of apoptosis due to its association with cytochrome c (Cytc) and its migration to the outer 

mitochondrial membrane (OMM) (47). Within a thriving, non-apoptotic cell, mature unsaturated 

CL serves as a tether for Cytc, facilitating its role in the electron transport chain (48). However, 

during apoptosis, Cytc not only becomes the primary agent in caspase-activated cell death but 

also, upon its release from the mitochondria, binds to APAF-1 (49-51). This binding forms the 

apoptosome, instigating the caspase cascade that ultimately culminates in apoptosis (46). In the 

initial stages of apoptosis, oxidizing agents like H2O2 cause the peroxidation of CL (49-51). 

This peroxidation process changes the double-bond configuration of mature unsaturated CL, 

which consists of hydrophobic acyl chains, leading to its oxidized state and the resultant 

dissociation of Cytc from the IMM (49-51). Furthermore, the detachment of Cytc could result 

from the remodeling of CL from its unsaturated state to a saturated one, given that Cytc 

primarily binds to the unsaturated variant of CL (49-51). When Cytc becomes unbound from CL, 

it is then released into the cytosol, where it interacts with Apaf-1 and procaspase-9, resulting in 

the formation of the apoptosome (52). However, before cytochrome c is released from the 

mitochondria during the apoptotic process, CL undergoes a shift from the IMM to the OMM (49-

51). Factors promoting apoptosis, or pathogen-associated molecular patterns (PAMPs) like 

bacterial lipopolysaccharide (LPS), have the potential to harm mitochondria, and prompt the 

migration of CL from the IMM to the cytoplasmic aspect of the OMM (49-51). In this transition 

phase, the concentration of CL in the outer mitochondrial membrane escalates, constituting 40% 
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of its overall quantity, with the remaining 60% located in the inner membrane (49). For CL to 

become accessible to the cytosol, it needs to traverse from the inner facet of the IMM to its outer 

side, pass through the intermembrane space, and then shift from the inner to the outer side of the 

OMM (49-51). This translocation is thought to be facilitated by phospholipid scramblase 3 (PLS-

3) (49-51). Notably, inactivation of PLS-3 leads to enhanced resistance against apoptosis, 

underscoring the significance of CL movement in cellular signaling during this event (49-51). 

Upon its exposure to the OMM, CL is involved in the creation of cytochrome c/CL peroxidase 

complexes (49-51). Following CL peroxidation, the Mitochondrial Permeability Transition Pore 

(MPTP) is formed, aiding in the release of cytochrome c and other proapoptotic elements (49-

51). This is facilitated by the CL present on the OMM, which promotes the recruitment of pro-

casp-8 to the OMM (50). At this stage, pro-casp-8 becomes activated and subsequently cleaves 

Bcl-2 homology domain 3 interacting-domain death agonist (BID) (51).  The resulting C-

terminal fragment of BID, known as tBID, attaches to B cell lymphoma protein 2 (Bcl-2)-

associated X (BAX) and Bcl-2 antagonist/killer (BAK). This binding triggers structural 

alterations, enabling the oligomerization of BAX/BAK and the subsequent development of 

MPTP in the OMM (50). Through the MPTP, Cytochrome c (cyt c) and the second 

mitochondria-derived activator of Casp/direct inhibitor of apoptosis-binding protein 

(Smac/DIABLO) are released, instigating the activation of casp-9 and finally in apoptotic cell 

death (50). 

Autophagy, a cellular degradation process, is another area where CL plays a role. 

Externalized CL on the OMM has been shown to bind directly to LC3, a protein critical to 

autophagosome formation (10). This system is critical for the degradation of damaged 

organelles, and the recycling of their components within cells (53). Autophagy also aids in the 
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clearance of intracellular pathogens and the presentation of antigens to the adaptive immune 

system, thereby regulating immunity. In this regard, CL also contributes to inflammasome 

activation (54). Inflammasomes are intracellular multi-protein complexes that detect pathogenic 

microbes and stressors, triggering the production of pro-inflammatory cytokines IL-1β and IL-18 

(54). Oxidized CL serves as a ligand for the NLR family pyrin domain containing 3 (NLRP3) 

inflammasome, leading to its activation and eventual role in inflammation, and signifying a 

critical role for CL in immune responses as well as autophagy (54). In addition, CL is involved 

in immune responses in microbial infections and sepsis (55). During sepsis, CL can activate toll-

like receptor 4 (TLR4), an immune system receptor, promoting an inflammatory response to the 

bacterial infection (55).  

 

Kennedy Pathway of CL Synthesis 

The Kennedy Pathway, first described by Eugene Kennedy in 1956, describes the de novo 

synthesis of phospholipids and triacylglycerol (TAG) (56). This pathway primarily operates in 

the ER, the MAM, and the mitochondria (57). Enzymes involved in the de-novo synthesis of 

glycerolipids, including phospholipids such as CL, include glycerol-3-phosphate acyltransferases 

(GPATs), and acylglycerophosphate acyltransferases (AGPATs)/lysophosphatidic acid 

acyltransferases (LPAATs) (57). This thesis is focused on the remodeling, rather than de novo 

synthesis of CL, and so this pathway is outlined only in brief, as follows: 

1) A fatty acyl-CoA is esterified to a glycerol- 3-phosphate (G3P) molecule by a GPAT 

enzyme, producing a molecule of lysophosphatidic acid (LPA) (56).  

2) LPA is esterified with another fatty acyl chain by an AGPAT/LPAAT enzyme, synthesizing 

phosphatidic acid (PA) (56). 

3) The formation of PA is a branching point in the Kennedy Pathway:  
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a. In the first branch, PA can be dephosphorylated by a phosphatidate phosphatase 

(PAP) enzyme to produce 1, 2-diacylglycerol (1, 2 – DAG), which can 

subsequently be used as a substrate by one of two diacylglycerol acyltransferases 

(DGATs) to produce a TAG (58). In the same branch, 1,2-DAG can alternatively 

be used as a substrate in either the cytidine diphosphate (CDP)-choline pathway to 

produce phosphatidyl choline (PC), or in the CDP-ethanolamine pathway to 

produce phosphatidyl ethanolamine (PE) (56). Phosphatidyl serine (PS) can also 

be synthesized by metabolizing either PC or PE with either phosphatidylserine 

synthase 1 (PSS1) (59) or phosphatidylserine synthase 2 (PSS2) (60).  

b. In the second branch of the Kennedy Pathway, PA can be transformed into 

cytidine diphosphate diacylglycerol (CDP-DAG) by CDP-diacylglycerol synthase 

(CDS) (61). 

4) Following step 3b, CDP-DAG can then be joined by an inositol molecule to synthesize 

phosphatidylinositol (PI), an important signaling molecule prevalent in the brain (62, 63). 

5) Alternatively, CDP- DAG can be converted into phosphatidylglycerol phosphate (PGP) by 

PGP synthase, which is dephosphorylated by a phosphatase to produce phosphatidylglycerol 

(PG) (64). 

a. Phosphatidylglycerol constitutes less than 1% of membrane glycerophospholipids, 

but is important since it can be used as a precursor to the mitochondrial 

phospholipid CL, as part of the CDP-DG pathway (65). 

6) Once PGP is formed, it can then be de-phosphorylated into PG by protein tyrosine 

phosphatase mitochondrial 1 (PTPMT1) (66). 

7) Lastly, through the condensation of CDP-DAG and PG, CL synthase is able to produce 

CL (66).  

Newly synthesized CL contains fatty acyl chains are added by GPAT and LPAAT enzymes, 

which lack significant substrate specificity. As a result, the fatty acyl composition of nascent CL 

tends to reflect the composition of other cellular membrane phospholipids, and must be 

remodeled in order to provide a chemical composition that reflects the requirements of the cell.  
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Cardiolipin Remodelling Enzymes 
 

The process of transforming "immature" or “nascent” CL takes place in the Lands' 

pathway and initiates through the collective action of PLA1/2 activity, cleaving fatty acyl chains 

from one or both of the glycerol backbones (19). This action results in the formation of MLCL or 

DLCL (19). Mature, fully acylated CL is then re-acylated through the “remodelling” activity of 

either an acyl-CoA-dependent acyltransferase, which employs fatty acyl-CoAs as donor 

substrates, or transacylases, which facilitate the transfer of a fatty acyl chain from a phospholipid 

like PC to the lysocardiolipin molecule (20). Differences in the enzymes involved in remodeling, 

and the substrates utilized, results in significant tissue-specific differences in CL fatty acyl 

profiles (15).  The predominant form of CL in mammals is tetra-linoleoyl cardiolipin (TLCL), 

consisting of 4 linoleic acyl side chains (C18:2, n-6), and composing 70-80% of total body CL 

(67). The preference for linoleic acyl side chains is especially prominent in the mitochondria of 

skeletal and cardiac muscles (68). In contrast, optimal acylation of CL is highly diverse in 

neuronal tissues (69). Four enzymes have been identified by other labs that can re-synthesize CL 

by acylating MLCL or DLCL. These enzymes are Tafazzin, Acyl-CoA:lysocardiolipin 

acyltransferase-1 (ALCAT1), Monolysocardiolipin Acyltransferase -1 (MLCL-AT1), and alpha 

Tri-functional protein (αTFP) (21). 

 

Tafazzin  

 

The predominant mitochondrial transacylase in many tissues is called Tafazzin (70). This 

enzyme functions specifically as a linoleoyl transacylase, using linoleate residues on 

phosphatidylcholine to remodel MLCL (71). Mutations in the TAZ gene cause dysfunctional CL 

remodelling and thus mitochondrial defects. In tissues that normally have high TLCL content, 

these defects result in the reduction of total TLCL,  and accumulation of CL species with acyl-
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group compositions that are unusual, typically with higher degrees of saturation (72). Changes in 

CL content are associated with mitochondrial changes including decreased activity of complexes 

III and IV of the electron transport chain (ETC), decreased ATP synthase activity, decreased 

oxidative phosphorylation in isolated skeletal muscle mitochondria, decreased super-complex 

formation, and abnormal mitochondrial structure (73, 74).  

In humans, mutations in Tafazzin result in a genetic disorder called Barth Syndrome 

(BTHS). BTHS is an X-linked mitochondrial disease that is characterized by skeletal- and 

cardiomyopathies (which are attributed to diminished O2 utilization by skeletal muscle), 

impaired growth, chronic fatigue, neutropenia, and varying degrees of cognitive impairment, 

such as specific learning difficulties (42, 75). At a molecular level, skeletal muscle mitochondria 

from BTHS patients exhibit mitochondrial respiratory chain disturbances (76). Furthermore, 

BTHS cells exhibit mitochondrial fragmentation (77), impaired mitochondrial function (78), 

increased ROS production (79), and BTHS lymphoblast mitochondria exhibit a variety of 

structural abnormalities such as decreased cristae surface area, and increased mitochondrial 

volume and fragmentation (80). Research has also found links between Tafazzin and other 

diseases. In mice, Tafazzin deficiency leads to changes in the morphology and function of the 

heart, leading to cardiomyopathy (1). Additionally, alterations in CL content or composition due 

to Tafazzin deficiency have been linked to other conditions, including neurodegenerative 

diseases and diabetes (81).  

 

ALCAT1  

 

ALCAT1 is another major enzyme that was discovered to have a role in CL remodelling, 

and was first identified and characterized in 2006 (13). ALCAT 1 is an acyl-CoA:lysocardiolipin 

acyltransferase that can use both MLCL and DLCL as the acyl acceptor (20). ALCAT1 is mainly 
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localized in the ER and MAM (13, 82). The MAM bridges the ER and mitochondria, and is a site 

where phospholipid synthesis takes place, and is a conduit for phospholipid shuttling between 

membranes (13). Furthermore, some of the ALCAT1 protein also localizes to the mitochondrial 

(13). In comparison to other  CL remodelling enzymes, ALCAT1 lacks preference for linoleic 

acid as a substrate (16, 17). Excessive remodelling of CL by ALCAT1 leads to TLCL depletion, 

and its replacement with CL enriched in docosahexaenoic acid (DHA) and arachidonic acid 

(AA) (17). DHA and AA are highly unsaturated, and therefore CL enriched in theses fatty acyl 

species is more sensitive to oxidation by ROS and apoptotic stimuli (14, 51). Because of this, 

ALCAT1 remodeling of CL is associated with a greater production of dysfunctional forms that 

are commonly found in obesity, diabetes, and cardiovascular disease (14). In fact, upregulated 

ALCAT1 activity has been associated with the increased oxidized CL species observed in heart 

failure (51). 

ALCAT1 is localized at the MAM, where autophagosome biogenesis takes place (13, 

83). Overexpression of ALCAT1 causes dilation of the MAM (13), suggesting a potential role of 

this enzyme in regulating autophagy (13). Inhibition of ALCAT1 has been suggested as a 

possible therapeutic strategy for some conditions, as it was found that inhibiting ALCAT1 can 

significantly attenuate the production of abnormal CL species, preserve mitochondrial function, 

reduce oxidative stress, and thus ameliorate the progression of heart failure (51).  

 

Alpha Trifunctional Protein (αTFP)  

 

Trifunctional protein (TFP) is found in the MAM, and was originally characterized as an 

enzyme involved in catalyzing three reactions (17), long chain enoyl coenzyme A hydratase 

reactions, long chain 3-hydroxyacyl-coenzyme A dehydrogenase reactions, and long chain 3-

oxoacyl coenzyme A thiolase reactions (84). In addition, the alpha subunit of TFP (αTFP) was 
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later found to exhibit acyl-CoA acyltransferase activity in the acylation of MLCL to CL with 

linoleoyl-CoA, oleoyl-CoA and palmitoyl-CoA as substrates, when increased expression of 

αTFP in HeLa cells was found to increase incorporation of the radioactive form of these 

substrates into CL (84). Expression of αTFP in Barth Syndrome lymphoblasts caused an increase 

in linoleoyl-CoA acylation of MLCL to CL in vitro, and increased the activity of mitochondrial 

respiratory complex proteins, but surprisingly resulted in a reduction in total TLCL (84). Knock 

down of αTFP in lymphoblasts deficient in Tafazzin increased the accumulation of MLCL 

relative to  healthy lymphoblasts with normal αTFP levels (84).   

It has been suggested that a potential indirect association may exist between the function 

of α-TFP and the balance of CL. For instance, the lack of α-TFP can lead to hindered β-

oxidation, potentially leading to a buildup of long-chain fatty acids (85). Considering the 

significant need for fatty acids in the formation of mitochondrial phospholipids, including CL, 

any disruption in fatty acid metabolism could potentially influence CL homeostasis. 

Furthermore, mitochondrial impairment caused by α-TFP deficiency could also impact the 

environment of the mitochondrial membrane and the integrity of CL, resulting in further changes 

(86). This highlights the difficulty of definitively assessing biological roles of enzymes with 

multiple functions. 

 

MLCL-AT1  

 

MLCL AT-1 is a protein that exhibits structural identity to the αTFP but lacks the first 

227 amino acids of αTFP, and is suggested to have been derived from αTFP (84). This suggests 

that both of these proteins are derivatives of splicing the same gene (84). MLCL-AT1, is a CoA-

dependent mitochondrial MLCL acyltransferase that preferentially esterifies linoleoyl-CoA, 
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followed by oleoyl-CoA, and finally palmitoyl-CoA onto MLCL (17). It has been shown that in 

healthy lymphoblasts, decreased Tafazzin expression results in increased MLCL-AT1 mRNA, 

protein, and enzyme activity as a potential compensatory measure, but this compensation does 

not result in recovery of total CL (87). However, in Barth lymphoblasts that are deficient in 

Tafazzin, MLCL-AT1 enzyme levels are also decreased (87). It has been hypothesized that the 

extensive mitochondrial damage in BTHS cells prevents them from utilizing MLCL AT-1 to 

compensate for decreases in Tafazzin (87). Treatment of Barth lymphoblasts with increased 

MLCL-AT1 expression increases CL levels, improves mitochondrial respiration, and decreases 

the production of superoxide by cells, but does not restore the molecular composition of CL to 

that of healthy lymphoblasts (87). At the subcellular level, MLCL-AT1 has been shown to 

localize to the inner leaflet of the inner mitochondrial membrane (17), and in rats, it is 

physiologically most active in heart mitochondria (88). MLCL-AT1 was the last CL remodelling 

enzyme to be characterized prior to work by our laboratory on PLAAT1.  

 

Overview of Phospholipase A/Acyltransferase (PLAAT) Enzymes  

The phospholipase A/acyltransferase (PLAAT) enzymes, also known as Harvey-Ras-like 

tumor suppressor (HRASLS) enzymes,  are a homologous group of proteins, and a part of the H-

rev107 gene family. There are currently five PLAAT enzymes identified in humans (PLAAT1-

5)(89), while only three of these enzymes (PLAAT1, 3, 5) are conserved in rodents (89).  

PLAAT enzymes have been characterized as class II tumor suppressors (90), and specifically as  

inhibitors of  H-Ras-derived tumorigenesis (hence their alternative HRASLS moniker) (89). 

Class II tumor suppressors are a group of enzymes that are characterized by their ability to down-

regulate cell growth, particularly cancer cell growth, while themselves not being mutated or 



 
 

14 

changed in the cancerous tissue (91). Briefly, PLAAT1 has been shown to supress the growth of 

H-Ras-transformed NIH3T3 cells (92). High expression of PLAAT2 suppresses the colony 

formation of HCT116 (colon cancer) and HeLa (cervical cancer) cells (93). PLAAT3 has been 

characterized to reverse H-Ras-derived transformation of rat fibroblasts (94), and suppress H-Ras 

signaling (95). PLAAT4 inhibits Ras activation (96), and the lung metastasis of breast cancer 

cells (97). PLAAT5 has yet to be characterized with regards to tumor supressing properties. 

PLAAT enzymes are also known as lecithin:retinol acyltransferase (LRAT)-like proteins 

due to their similar sequence homology to the enzyme LRAT (20). This includes a conserved 

NCEHFV motif in the C-terminal region that is pertinent to acylation and de-acylation reactions 

(98). Mass spectrometry analysis has characterized that a thioester intermediate forms between 

cysteine 161 of LRAT and the acyl side-chain donated by PC (99), suggesting that PLAAT 

enzymes catalyze glycerophospholipid reactions. Indeed, PLAAT proteins have been identified 

as enzymes that participate in the remodelling of acyl chains for glycerophospholipids (20). All 

known PLAAT enzymes possess lipid enzyme activities. These activities include phospholipase 

A1/2 (PLA) and O-transacylase activities (89) with the catalytic site being formed by histidine 

23, histidine 35, and cysteine 113 (89, 100).  

In vitro, Ca2+ independent PLA1/2 activities require a pH of 8–9, dithiothreitol (DTT), 

and Nonidet P-40 at 37 °C for 30 minutes for optimal enzymatic conditions (101). The activity of 

PLAAT enzymes results in a fatty acyl chain being cleaved from a phospholipid, generating an 

enzyme-fatty acyl intermediate and releasing of a free lysophospholipid (89). During this 

process, if the catalytic cleft releases a fatty acyl group instead of transferring it to a new 

lysophospholipid, then this process will be defined as phospholipase activity rather than 
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transacylase activity (102). PLA1 activity utilizes PC and PE as substrates and appears to be 

preferred over PLA2 activity for PLAAT1, 2, 4, and 5 (15, 98, 101). PLAAT3 shows both 

PLA1/2 activities while using PC, PE and also PS, and PI as substrates (103).  

The PLAAT family of proteins also demonstrate O-transacylase activity, described as the 

acyl-CoA-independent transacylation of a lysophospholipid using a fatty acyl chain donated 

from another phospholipid (89). Specifically, this reaction involves the transfer of an acyl group 

from a phospholipid to G3P or a lysophospholipid (LP) (89).  All PLAAT enzymes have shown 

a capacity for O-acylation of lysophosphatidylcholine (lyso PC) at the sn- 1 position (39, 104), 

but none have been for O-acylation activity with MLCL or DLCL as fatty acyl acceptors.  

Lastly, in vitro analysis has shown that the PLAAT family of enzymes display N-

transacylase activity for the production of N-acylphosphatidylethanolamines (NAPEs), 

catalyzing the transfer of an acyl chain from the sn-1 or sn-2 position of a glycerophospholipid to 

the amino group of PE to produce NAPEs (104). Most research characterizing the N-transacylase  

activity of PLAAT enzymes utilize PC as an acyl donor (15, 39, 104-106). NAPE synthesis is 

biologically important, since cleavage of NAE groups from NAPEs can result in generation of 

free NAE molecules that are potent in cellular signaling.  

Three groups of enzymes catalyze N-transacylase reactions: Ca2+–dependent N-

transacylases (Ca-NATs), Ca2+–independent N-transacylases (iNATs), and PLAAT enzymes, 

which are also Ca2+–independent, but are categorized as a separate group (107). These groups of 

enzymes all utilize glycerophospholipids as acyl donors (89). Since glycerophospholipids tend to 

have a saturated and unsaturated fatty acyl chain in the sn-1 and sn-2 position respectively, the 

NAE group produced by transacylation followed by NAPE cleavage, will be influenced by the 
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positional-preference of the N-transacylase enzyme (108). The species of NAPE produced in 

cells have the potential to impact cellular function, since NAPE are important precursors to the 

biologically active NAE signaling molecules, and  different chemical species of NAE display 

very different activities (109). A summary of the biological action of major NAE species, as well 

as the potential implications of the modulation of NAE levels for CL synthesis regulation, is 

provided in the section below the PLAAT enzymes.  

PLAAT1 

PLAAT1, first named A-C1, is a 167-amino acid long protein discovered in 1999, and 

found to be 45% homologous with PLAAT3 (92). Shinohara and colleagues characterized the O-

transacylase activity of PLAAT1, reporting that PLAAT1 catalyzes in vitro O-transacylations, 

utilizing PC as an acyl donor and lysophosphatidylcholine (LPC) as an acyl acceptor (Fig. 1) 

(39). PLAAT1 functions in a CoA – independent manner in order to remodel PC. The enzyme 

prefers esterolysis at the sn-1 position of PC, and esterification at the sn-1 position of LPC (39). 

In 2011, research by Shinohara and colleagues showed that purified human PLAAT1 has N-

transacylase activity when utilizing PE as an acyl acceptor and radiolabelled PC as an acyl donor 

(Fig. 2) (39). In experiments where [14C] radiolabelled palmitate was used to metabolically label 

COS-7 cells, overexpression of PLAAT1 in COS-7 cells increased the formation of [14C]N-

palmitoyl-PE (NPPE) by approximately 100-fold when compared to controls, suggesting that 

PLAAT1 can  synthesize NAPE in vivo as well (39).  

Previous reports indicated that in vitro enzyme activity of PLAAT1 displays N-

transacylase, O-transacylase, as well as  PLA1/2 phospholipase activity when using purified 

human PLAAT1 protein in a radiolabelled enzyme assay (39). Among these, PLAAT-1 
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displayed the highest affinity for 2-[14C]palmitoyl-lyso PC for lyso PC O-acylation, displayed 

more than 1.0 μmol/min/mg of substrate, while PLA1/2 phospholipase activity, N-transacylase 

activity, and O-transacylase activity using 1-[14C]palmitoyl-lyso PC all displayed less than 0.2 

μmol/min/mg of substrate (39). However, the presence and preference of these enzyme activities 

have not yet been demonstrated  in vivo.  In humans, mice, and rats, PLAAT1 expression were 

highest in the testis and skeletal muscle, followed by the brain and heart (39). Humans show low 

expression of PLAAT1 in most other tissues (39). In mice and rats, PLAAT1 is also abundantly 

expressed in these same tissues, as well as showing some expression in the thymus (39).  

 

Figure 1:  O-transacylase activity of PLAAT enzymes.  

PLAAT enzymes can act as a LPC O-transacylase to create phospholipids with distinct acyl 

compositions. In this example, these enzymes extract a specific fatty acyl group from either the 

sn-1 or sn-2 position of PC and incorporate it into the sn-1 position of LPC, resulting in the 

production of PC.  
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Figure 2: N-transacylase activity of PLAAT enzymes. 

PLAAT enzymes can act as a PE N-transacylase to create NAPE. In this example, these enzymes 

extract a specific fatty acyl group from either the sn-1 or sn-2 position of PC and incorporate it 

into the amino group of PE, resulting in the production of NAPE.  

 

PLAAT2 
 

PLAAT2 was initially cloned from SW480 human colon cancer cells. It is positioned on 

chromosome 11 of the human genome and is absent from the genome of rodents (93). PLAAT2 

is an 18 kDa protein that is made up of 162 amino acids and is situated in the perinuclear region, 

and the transcript of the PLAAT2 gene is primarily found in gastrointestinal tissues (93). 

PLAAT2 shares 47% and 69% sequence homology with PLAAT1 and PLAAT3 respectively 

(89).  

The physiological role of PLAAT2 remains undetermined thus far. However, 

biochemical functions of this enzyme in phospholipid metabolism have been examined using 

both cell homogenates and purified enzyme (15). Overexpression of PLAAT2 in COS-7 cells, as 

well as in post-microsomal supernatants and microsomal pellets, were observed to enhance in 

vitro PLA1/2 activity, N- transacylase activity, as well as O-transacylase activity (15).  PLAAT2 
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also displayed O- transacylase activity, forming [14C]PC from both 1-[14C]palmitoyl lyso PC 

and 2-[14C]palmitoyl lyso PC (15). Overall, in vitro PLAAT2 displays the highest level of 

enzyme function when being utilized as an O-transacylase activity while using and 2-

[14C]palmitoyl lyso PC, followed by PLA1/2 activity, and finally N- transacylase activity (15)  

 

PLAAT3  

PLAAT3, alternatively known as adipose specific phospholipase A2 (AdPLA2) and H-ras 

revertant #107 (Hrev107), was the first enzyme to be characterized from the PLAAT family of 

enzymes and shares 46% sequence homology with PLAAT1 (94). PLAAT3 was initially 

identified through subtractive hybridization (a technique that enables PCR-based amplification of 

cDNA fragments) in rat fibroblasts (94), and it is found at greatest abundance in adipocytes 

(103).  

The enzymatic characteristics of PLAAT3 were initially studied in 2007, revealing the in 

vitro N- transacylase activity of this enzyme (15). Further study suggested that PLA activity 

takes precedence over N- or O- transacylase activity for PLAAT3 in vitro  (39, 104), specifically 

as an adipose-specific phospholipase A2 (AdPLA) (103). The enzyme's alternate name, AdPLA, 

reflects its primary expression in adipose tissue (110). PLAAT3 has been found to be the major 

enzyme in controlling the release of fatty acids in adipose tissue, as it regulates the levels of free 

AA, an omega-6 polyunsaturated fatty acid that participates in a variety of physiological 

functions (110). In mice deficient in the PLAAT3 enzyme, enhanced lipolysis levels were 

detected, leading to a lean phenotype, even when the mice were given a high-fat diet (110). 

These mice exhibited greater energy expenditure, better glucose tolerance, and increased insulin 

sensitivity compared to regular mice when both were given a high-fat (110). 
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PLAAT4 

PLAAT4 was identified by three different groups, and hence it has been given three 

distinct names: tazarotene-induced gene 3 (TIG3) (111), retinoid-inducible gene 1 (RIG1) (112), 

and retinoic acid receptor responder 3 (RARRES3) (113), in addition to PLAAT4 (104). 

PLAAT4 displays 48% sequence homology with PLAAT1 and 51% sequence homology with 

PLAAT3, and is expressed in humans but not mice (96). Subcellularly, PLAAT4 is attached to 

both the ER and the Golgi apparatus (96). Like its family members, PLAAT4 also exhibits a 

suppressive effect on H-RAS-mediated signalling (89). However, the anti-tumor function of 

PLAAT4 is restricted to the Golgi apparatus, as this is the sole subcellular location where the 

enzyme triggers apoptosis in cancer cells (96).  

Similar to other PLAAT enzymes, PLAAT4 participates in phospholipid metabolism, 

functioning as a Ca2+ independent PLA1/2 in vitro (15). Even though this enzyme doesn't 

exhibit in vitro N- transacylase activity in vitro (15), metabolic labeling experiments reveal that 

PLAAT4 over-expression elevates cellular levels of both NAPE and NAE (104). PLAAT4 is 

found in the suprabasal epidermis of the skin, where it activates transglutaminase (TG1), an 

enzyme involved in terminal differentiation, creating covalent bonds between proteins on the 

inner surface of the plasma membrane (114). 

PLAAT5  

PLAAT5 was identified in 2007 as a part of an effort to discover new Ca2+-independent 

enzymes that participate in the production of NAPE (101). In vitro, PLAAT5 primarily exhibits 

N- transacylase activity over both PLA1/2 and O-acylation activities (89, 108). When PLAAT5 

is overexpressed in cultured cells, it elevates the production of NAPE and NAE. However, it 



 
 

21 

doesn't display a preference for removing acyl groups from either the sn-1 or sn-2 positions of 

PC during N-acylation reactions (101). PLAAT5 shares 45% protein sequence homology with 

PLAAT1, but unlike other currently characterized PLAAT enzymes, its subcellular localization 

is predominantly in the cytosol, likely due to the absence of the characteristic C-terminal 

hydrophobic span present in PLAAT enzymes 1–4, and it is also not clear whether PLAAT5 

possesses anti-tumorous characteristics like other enzymes within this family (101, 115).  

This enzyme is expressed at highest levels in the testes and is speculated to contribute to 

spermatogenesis (115), although the exact physiological function of this enzyme remains 

unclear. 

N-acylethanolamines (NAEs) 
 

All PLAAT enzymes, including PLAAT1, participate in the formation of NAPE that are 

precursors for NAEs (89). The production of NAEs is initiated in the cell membrane, where 

precursor phospholipids are located (108). Either the enzyme N- transacylase (NAT), or a 

PLAAT, moves an acyl group from a donor molecule, typically a phosphatidylcholine, to the 

primary amine group of PE (116). This process culminates in the generation of NAPEs, which 

can subsequently be altered into NAEs through the action of N-acyl phosphatidylethanolamine-

specific phospholipase D (NAPE-PLD) (117). This enzyme cleaves between the phosphate group 

and the ethanolamine headgroup, resulting in the release of N-acylethanolamines (NAEs) (118).   

NAEs are a family of bioactive lipids that are important signaling molecules in various 

biological systems, and are comprised of a fatty acyl chain that is attached to an ethanolamine 

group (119). NAEs are ubiquitous and have been identified in plants, mammals, and bacteria 

(118).  The functions of NAEs vary greatly between different species and systems, and some of 

these functions include nociception, appetite regulation, thermogenesis regulation, as well as the 
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regulation of inflammatory responses (120-122).  Additionally, the enzyme known as fatty acid 

amide hydrolase (FAAH) has the capability to decompose NAEs into their basic components of 

ethanolamine and fatty acid, thus managing the concentration of NAEs inside the cell (123, 124). 

The equilibrium between the liberation of NAEs by NAPE-PLD and their breakdown by FAAH 

plays a vital role in defining the level of NAEs (125). Once created, NAEs can engage with a 

variety of receptors to execute in signal transduction (118, 120-122). The following sections 

provide a brief overview of some of the more abundant species of NAE. 

 

Arachidonoylethanolamine (AEA) 

 

AEA is a polyunsaturated fatty acyl amide, having an AA moiety linked to an 

ethanolamine (126). AEA has been identified as an endogenous ligand for CB1 receptors, which 

are primarily found in the central nervous system, and to a lesser extent for CB2 receptors, which 

are mainly expressed in the immune system (124, 127). While the interaction of AEA with CB1 

receptors is well characterized, its role with CB2 receptors and other targets such as transient 

receptor potential vanilloid 1 (TRPV1) and peroxisome proliferator-activated receptors (PPARs) 

is less well understood but subject of research (128).  

Degradation of AEA is largely handled by fatty acid amide hydrolase (FAAH), which 

hydrolyzes anandamide into free AA and ethanolamine (123, 124). The inhibition of FAAH, 

thereby preventing AEA breakdown, is considered a potential therapeutic strategy for several 

conditions, since a AEA is involved in a broad spectrum of physiological processes, including 

pain, appetite, and memory (124, 129-132). For instance, AEA can modulate nociception and has 

been suggested as an endogenous pain suppressor (133), and ablating the FAAH enzyme in mice 

results in a more than 10-fold elevation of AEA in many brain regions, resulting in an analgesic 

phenotype (124). In rodent models, acute administration of AEA has been shown to stimulate 
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appetite and impairs short-term memory (130, 132). Moreover, alterations in AEA signaling 

have been linked to a variety of pathological conditions. Elevated levels of AEA have been 

detected in patients with neuropsychiatric conditions such as schizophrenia and anxiety disorders 

(134), Conversely, reduced levels have been associated with major depression  (135). The role of 

AEA in neuroinflammation and neurodegenerative diseases such as Alzheimer's and Parkinson's, 

is also currently under investigation (136).  

 

Palmitoylethanolamide (PEA) 

 

PEA is a naturally occurring NAE, constructed from palmitic acid and ethanolamine. It’s 

most well-known mechanism involves interaction with PPAR-α, a receptor belonging to the 

family of nuclear receptor proteins that are critical for regulating gene expression and 

inflammation, maintaining energy balance, and regulating metabolic functions (133, 137, 138).  

Like OEA, PEA is  an endocannabinoid – like compound, exerting it’s effects independently of 

direct endocannabinoid activation (138), but may still influence the endocannabinoid system, 

through enhancing the actions of AEA through the 'entourage effect' , attenuating the breakdown 

of AEA, thus enhancing signaling of CB1 and CB2 receptors (138, 139). In short, PEA may 

increase AEA levels by competing with it for hydrolysis by FAAH, resulting in less AEA being 

hydrolyzed, though this mechanism has only been observed in vitro (138, 139). Besides its 

known anti-inflammatory activity, PEA also produces analgesia, as it’s been shown to attenuate 

several forms of laboratory induced nociception in mice (140, 141). This effect is hypothesized 

to act through binding the CB2-like receptors in the periphery, though the target receptor 

involved is still unclear (140, 141). Additionally, PEA has been studied for its anti-epileptic 

properties, though the mechanism of action for these effects has yet to be elucidated (142, 143). 

In an mouse model utilizing both, maximal electroshock seizures and chemically induced 
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convulsions, PEA was found to be an effective anti-convulsant for both forms of synthetically 

induced seizures (142). Similarly in a rat model of amygdaloid seizures, PEA was shown to be 

protective against tonic convulsions, while also prolonging the latency between convulsive 

episodes (143). One example of the previously defined ‘entourage effect’, is PEA’s apparent 

attenuation of MCF-7 breast cancer cell proliferation in vitro (144). Here, PEA is shown to 

enhance the effects of AEA by decreasing it’s degradation 3-6 fold through down-regulating 

FAAH expression and activity by 30-40% (144). By doing this, PEA enhances the AEA induced 

inhibition of  NGF Trk receptors, which underlies the anti-proliferative effect of AEA on MCF-7 

cells (144). 

 

Oleoylethanolamide (OEA) 

 

OEA is a biologically active NAE derived from the monounsaturated fatty acid oleic 

acid. It is produced in the small intestine, and is believed to play a role in managing feeding, 

body weight, and lipid metabolism (122). In contrast to AEA, an endocannabinoid, OEA is an 

endocannabinoid – like compound, functioning independently of cannabinoid receptors CB1 and 

CB2, suggesting that the effects exerted by this NAE are unlikely to be psychoactive (145). OEA 

is notably recognized for inducing an anorexigenic response, as it has been shown that 

administration of OEA in both rats and mice has a time- and dose-dependent effect on food 

intake, diminishing food consumption over a 24-h period (146). The satiety inducing effects of 

OEA are thought to be induced through PPAR-α, as it has been shown that the oral 

supplementation of OEA in healthy obese individuals over an 8-week period has been has shown 

to increase PPARα gene expression 2.41 fold (146). OEA is thought to bind to and activate 

PPAR-α in the small intestine, inhibiting the upregulation of intestinal nitric oxide synthase 
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(iNOS) (146), a family of enzymes who’s inhibition have been shown to reduce energy intake 

(147).  

Linoleoylethanolamide (LEA)  

 

LEA structurally resembles OEA closely and is an endogenous ligand for the pain-

associated TRPV1 (148). It stands alongside OEA as one of the strongest activators of PPAR-α 

(133). Activation of PPAR-α specifically has been shown to stimulate the turnover of fatty acids 

through the upregulating genes involved in fatty acid transport and fatty acid beta-oxidation, 

such as FAT/CD36, uncoupling protein-2 (UCP-2), and fatty acid binding protein (FABP)(146). 

Moreover, studies indicate that LEA can diminish the expression of inflammatory markers such 

as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 triggered by 

lipopolysaccharide (LPS) (149). It also attenuates the rise of cyclooxygenase enzyme-2 and 

prostaglandin E2 due to LPS (149). When used on ear skin in a contact dermatitis animal test, 

LEA has been shown to alleviate symptoms caused by 2,4-dinitrofluorobenzene and reduced the 

pro-inflammatory cytokine production at the inflamed locations (149).  

 

Stearoylethanolamide (SEA)  

SEA is an NAE that is present in human, rat, and mouse brain in amounts comparable to 

those of AEA (150). From a chemical perspective, SEA is an amide that results from the 

combination of ethanolamine and stearic acid (C18:0) (118). Similar to other NAEs, SEA has the 

ability to engage with PPARS, specifically, PPARγ (151). In an in vitro model using leukemia 

L1210 cells, SEA has been shown to inhibit IlL-1 and IL-6 mRNA levels in a dose-dependent 

manner (152). In an insulin resistant rat model, SEA treatment induced normalization of TNF-α, 

and this effect was associated with the inhibition of nuclear NF-κB translocation in rat peritoneal 
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macrophages (152). These findings seem to suggest that SEA may contribute to mitigation of 

inflammation, through attenuating the release of inflammation-promoting cytokines. Additional 

research also displays that both intraperitoneal and oral administration of SEA in mice behaves 

as an anorexigenic agent, reducing overall food intake (153). Researchers found that this 

anorexigenic response upon SEA administration was associated with marked decrease in hepatic 

stearoyl-CoA desaturase-1 (SCD-1) mRNA expression, the primary rate-limiting  lipogenic 

enzyme that catalyzes the synthesis of MUFA, and is a molecular target for the treatment of 

obesity (153).    
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Current Understanding of a Role for PLAAT1 in CL Remodelling  

Data from our laboratory, as well as information from published studies, has led us to 

hypothesize that PLAAT1 may play a role in CL metabolism, possibly through direct and/or 

indirect mechanisms. Indirectly, NAEs from PLAAT1-derived NAPEs may signal to enhance 

CL synthesis, either by affecting levels of mitochondria (40) or the expression of enzymes 

involved in CL synthesis (38). Directly, it is possible that PLAAT1 may catalyze the O-

transacylation of MLCL (and/or DLCL) to synthesize CL in a remodeling reaction, similar to 

Tafazzin, MLCL-AT, αTFP, and ALCAT1. My thesis studies have focused first on testing 

whether PLAAT1 could play a direct enzymatic role in CL remodeling, and then next on 

understanding the physiological role of PLAAT1 in vivo. Notably, these latter studies do not 

disambiguate potential direct and indirect effects, but set a basis for future work on this topic. 

These concepts, and the current data supporting them, are summarized in the following sections. 

 Initial studies on a potential role for PLAAT1 in CL remodelling have been conducted by 

our research group, and data from some of these are published in the International Journal of 

Molecular Sciences in 2022 (37). This work formed the basis for my thesis studies related to a 

role for PLAAT1 in CL metabolism. The first two research objectives in this study were as 

follows:  

1. To characterize the tissue expression profiles and subcellular localization of PLAAT1. 

2. To investigate effects of PLAAT1 overexpression on cellular phospholipid levels. 

For the first objective, our investigations found that PLAAT1 is universally expressed in all 

tissues examined, but that the brain and heart presented the highest expression levels of the 

enzyme’s predominant murine transcript, transcript variant 1 (Figure 3A,B) (37). This variant of 
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Plaat1 was also present at varying levels in the other murine tissues, including liver, lung, 

kidney, gonadal white adipose tissue (WAT), skeletal muscle, spleen, pancreas, and testes 

(Figure 3) (37). We also found that PLAAT1 localizes to the endoplasmic reticulum, since it was 

predominately found in the microsomal fraction when cells were subjected to differential 

centrifugation, although it was also detected in the MAM (Figure 3C, D)(37).   

 

Figure 3: PLAAT1 expression and subcellular localization. Plaat1 gene expression was 

detected at highest levels in brain, heart, WAT, and skeletal muscle, but was also visualized (A) 

and found by density analysis of bands (B) to be present in other tissues at lower levels. Data are 

means ± S.E.M., n = 3–6. Subcellular localization of PLAAT1 was investigated by 

immunoblotting microsomal, mitochondrial, and nuclear fractions produced by differential 

centrifugation of whole mouse brains for PLAAT1, or for markers of fractional purity including 

SCD1 as a marker of the ER, AIF as a mitochondria-specific marker, and histone H3 as a nuclear 

marker (C). Alternately, mouse brains were separated to derive ER (microsomal), MAM, and 

mitochondrial fractions for detection of PLAAT1 or markers of fractional purity (i.e., SCD1 

(ER), ACSL4 (MAM), and cytochrome c (mitochondria)) (n = 3). 

 

For our second objective, we expressed Plaat1 in HEK-293 cells (Figure 4A), and 

isolated major phospholipids for analysis by gas chromatography (Figure 4B,C) (37).   Relative 

A B

C D
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to control cells, HEK-293 cells expressing Plaat1 had 62% more total CL (Figure 4C), while 

total contents of PC, PE, PG, and PI were not significantly elevated (Figure 4B) (37). The 

increase in the overall amount of CL was tied to specific modifications in the fatty acyl profile of 

CL (37). While there was a marked increase in the CL content of SFAs, the overall CL content of 

MUFAs, n-3 PUFAs, and n-6 PUFAs, remained unchanged (Figure 4D–G) (37).  Among 

individual SFA species, we found significantly higher contents in Plaat1-expressing cells 

compared to controls of myristic acid, palmitic acid, and stearic acid (Figure 4D) (37). Of the 

MUFAs analyzed, only erucic acid (22:1n-9) was higher in Plaat1-overexpressing cells (Figure 

4E), while there were no significant differences in the CL content of any of the n-6 PUFA 

species analyzed (Figure 4F) (37). Among n-3 PUFA species, α-linolenic acid (18:3n-3), 

eicosatrienoic acid (20:3n-3), and eicosapentaenoic acid (20:5n-3) were all increased in CL from 

cells expressing Plaat1 (Figure 4G) (37). Overall, the increased CL in Plaat1-overexpressing 

HEK-293 cells was associated primarily with a greater content of SFAs and, to a lesser extent, 

also n-3 PUFA species (37).   
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Figure 4: PLAAT1 expression in HEK-293 cells increases CL content. A representative 

immunoblot of HA-tagged PLAAT1 in HEK-293 cells is shown (left panel) with total protein 

loading imaged under UV light using a stain-free gel (right panel) (A). In HEK-293 cells 

expressing PLAAT1, or in control cells, the contents of major phospholipid species (B) and CL 

(C) were determined using gas chromatography. Analysis of the fatty acyl composition of CL is 

reported as individual and total SFAs (D), MUFAs (E), n-6 PUFAs (F), and n-3 PUFAs (G). 

Data are means ± S.E.M. (n = 8–9). * p < 0.05, ** p < 0.01. 

 

A) B) C)
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Gaps in knowledge:  

These previous studies conducted in our laboratory provided considerable new 

information on PLAAT1, including evidence that this enzyme plays a role in CL regulation in 

cells. Nevertheless, they also raised several questions. All PLAAT family members share 

homology with LRAT, an acyl-CoA-independent transacylase, and prior studies have shown that 

all PLAAT family members have acyl-CoA-independent O- and N-transacylase activities. 

PLAAT1 overexpression in cells resulted in an increased capacity in crude lysates for CL 

synthesis using MLCL as an acyl donor, and PC as an acyl acceptor, suggesting the possibility 

that the O-transacylase activity of this enzyme may include direct actions in CL remodeling. 

However, in unpublished work from our lab, we have found that PLAAT1 overexpression in 

cells raises both acyl-CoA-dependent, and acyl-CoA independent CL synthesis, and also 

increases gene expression of enzymes involved in CL synthesis, such as cardiolipin synthase 

(CLS), providing compelling evidence that PLAAT1 also likely acts indirectly in the regulation 

of CL remodeling, potentially via signaling through NAE-regulated pathways. 

The first question in this thesis was therefore whether PLAAT1 directly catalyzes a 

PC:MLCL O-transacylase reaction in CL remodeling. The remainder of the studies examined 

effects of loss of Plaat1, using our lab generated Plaat11 knockout mice (Plaat1-/-). In this 

regard, the physiological role of PLAAT1 at the level of the organism has only recently begun to 

be examined. Of note, there were no studies published when my thesis work began, and despite 

recent advances, questions also remain on the physiological role of PLAAT1 in vivo. In April 

2021, Morishita and colleagues published the first study utilizing a Plaat1-/- organism in Nature 

(154). This research group produced zebra fish with whole body Plaat1 knockout, with the 

objective of comparing lens organelle degradation with wildtype (Wt) controls. In brief, they 
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found that PLAAT1 translocated from the cytosol to various damaged organelles in the zebra 

fish lens immediately before organelle degradation, suggesting a role for the enzyme in the 

autophagy process, and that plaat1-deficient zebrafish develop cataracts and refractive defects 

(154). Of particular interest to us, this group found an inverse relationship between fluorescence 

intensity levels of GFP tagged PLAAT1, and total content of cellular mitochondrial (based on 

co-imaging of a mitochondrial matrix protein tagged with red fluorescent protein (mito–mRFP)) 

(154).  

More recently, in May 2023, the Ueda research group published the first research article 

utilizing Plaat1-/- mice (155). They aimed to examine the effects of PLAAT1 deficiency on high 

fat diet (HFD)-induced obesity, hepatic lipid accumulation, and insulin resistance. The rationale 

for this work was built from previous research showing that Plaat3-/- mice have a lean phenotype 

but hepatic fat accumulation under conditions of HFD feeding (110). The researchers discovered 

that during the administration of a HFD, the absence of PLAAT1 resulted in lower total weight 

gain versus wild-type mice, which was accompanied by lower liver weights, and reduced hepatic 

lipid accumulation (155). Moreover, although livers remained lean, PLAAT1 deficiency 

enhanced the HFD-induced liver dysfunction (155).  Lipidomics analysis in the liver indicated an 

increase in various glycerophospholipids levels in Plaat1-/- mice, whereas all lysophospholipids 

decreased, which the authors postulate is an indication of PLAAT1's role as a hepatic 

phospholipase A1/A2 (155), although an alternate interpretation could be that loss of PLAAT1 

contributed to a reduction in the synthesis of various glycerolipids from their precursor 

lysophospholipids. Furthermore, this group found that the HFD in Wt mice resulted in increased 

mRNA levels of hepatic PLAAT1, leading the authors to suggest that PLAAT1 suppression can 

attenuate HFD-induced obesity as well as hepatic lipid accumulation (155).   
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For our work, comparisons between wildtype control mice and Plaat1-/- mice will allow 

for performance of an initial broad characterization of the phenotype caused by PLAAT1 

deficiency. Mouse gene ablation models have been produced for other CL remodeling enzymes, 

and studies on these animals have yielded important advances, as compiled in the following 

section.  

Summary of studies on gene ablation of CL remodelling enzymes 
 

Tafazzin Gene Ablation  

Tafazzin knockout mice have been generated by Douglas Strathdee (Glasgow 

University), and we currently have this model in our laboratory, but studies reporting the 

phenotype of these mice are limited. Prior to development of this model, a Taz knockdown 

mouse model was generated (TAZKD), which uses a doxycycline-inducible shRNA cassette 

transgene to reduce expression of Taz transcripts (156). This strategy is highly effective, 

reducing measurable Taz transcripts to almost undetectable levels (156). However, transcript 

levels are suppressed only while doxycycline is administered, and the Taz gene remains 

unaltered during this treatment (156). There are therefore significant limits in the use of this 

strategy. In boys with Barth Syndrome, loss of the Taz gene is embryonic, but in TAZKD mice, 

expression is normal until doxycycline is administered, and the timing of administration 

significantly affects the pathological course in mice (156). Nevertheless, a number of studies 

have been performed on TAZKD mice that provide insight into the physiological role of this 

enzyme.  

Not surprisingly, loss of the Taz gene caused changes in the CL content and composition 

of mitochondria. Cardiac tissues of TAZKD mice have a 50% decrease in the total content of CL 
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and a 25-fold increase in MLCL (157). Furthermore, PG (40%), PE (20%), and PI (20%) were 

increased in subsarcolemmal mitochondria (SSM), and intermyofibrillar (IMF) mitochondria had 

significant increases in PG (35%) and PE (20%) (157). When the degree of CL saturation was 

quantified using LC-MS/MS analysis, CL (72:8) and CL (72:7), constituted 32 and 13% of total 

Wt cardiac tissue respectively, while Tafazzin deficiency drastically reduced the 72:8 and 72:7 

CL molecular species to 5 and 6%, respectively (1). Similar to effects observed in heart tissues, 

in Wt extensor digitorum longus (EDL) muscle, 72:8 and 72:7 CLs constituted 19 and 15%, 

respectively, of the total CL content, whereas in TAZKD EDL, these values were reduced to 2 

and 3%, respectively (1). Notably, these changes in EDL were accompanied by increases in CL 

molecular species with shorter and asymmetric side acyl groups (1).  

In the brain, TAZKD mice also have a significant decrease in brain CL content compared 

to littermate controls (158). Additionally, apart from PS, all phospholipids increased in the brain 

of TAZKD mice, with PG increasing the most (158). The amount of MLCL in TAZKD brain 

was significantly increased by 19-fold, resulting in a corresponding elevation in the MLCL/ CL 

ratio compared to the littermate controls (158). Analysis of lysophospholipids levels in the brain 

revealed that the amount of lysophosphatidylglycerol (LPG) was significantly increased and 

lysophosphatidylcholine (LPC) decreased in TAZKD mice compared to Wt mice (158).  

As a result of changes in mitochondrial CL and lipid composition, one of the primary 

characteristics of TAZKD mice is altered mitochondrial morphology and function, although 

there are differences between tissues in the nature of these changes. TAZKD mice exhibit a 

significant decrease in complex I-IV activity in cardiac tissue when compared to Wt controls 

(159, 160), suggesting that the ETC is diminished in TLCL-deficient mitochondria. This 
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decrease in activity could partially be explained by mitochondrial TLCL deficiency reducing the 

electron flow rate between Complex I and Complex III by 60% (161), or because levels of nine 

of the polypeptides involved in oxidative phosphorylation, ETC complex assembly, and the 

ubiquinone biosynthesis pathway are significantly decreased in TAZKD hearts (161). Overall, 

TAZKD cardiomyocytes exhibit approximately 40% lower maximal respiration values than Wt 

controls (160). However, unlike cardiac tissue, when observing the respiratory capacity in brain 

tissue of TAZKD mice, complex I mediated respiration is  elevated by 160% in mitochondria 

isolated from the brain of TAZKD mice compared to Wt  controls, while state III respiration 

level was not significantly affected by TAZ deficiency (158).  

The reductions in ETC activity are not due to a reduction in mitochondria. Quantitative 

PCR analysis revealed a 4-fold increase of mtDNA content in hearts of 2-month-old TAZKD 

mice compared with Wt controls, while in EDL, the mtDNA content was elevated by 30% in 

TAZKD when compared to Wt  controls (1). EDL of TAZKD mice display an increased number 

of mitochondria, but they have various inner membrane abnormalities (i.e., swollen cristae, 

honeycomb-like structures, concentric layers, and vacuoles), while these changes were not 

observed cardiac muscle (1, 158).  

Tissue mitochondrial deficits in TAZKD mice resulted phenotypically to deficits in 

exercise capacity. In a forced treadmill exercise test, TAZKD mice repeatedly failed to stay on 

the belt at 15 m/min and 10% inclination, and none of the TAZKD mice were able to sustain 

running when the treadmill speed passed 20 m/min, where the Wt control mice had no difficulty 

maintaining this speed (160). Additional calorimetric analysis revealed that VO2 values sharply 

rose with increased workload in TAZKD animals, while those for Wt mice remained relatively 

steady (160). However, as the running speed increased in the exercise test, VO2 values for 
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TAZKD mice declined, while VO2 values continued to rise for Wt  mice (160). Lactate was also 

significantly elevated in blood samples of TAZKD mice compared to Wt controls (160). 

Behavioural and neurological assessments of TAZKD mice have also been performed. 

Using the open field test, the movement patterns of the TAZKD mice indicated that they 

experienced greater anxiety, since they spent significantly more time at the edges and less time in 

the centre of the open field (158). It was also found Tafazzin deficiency impairs the ability to 

distinguish a novel object from a familiar one, potentially resulting because the hippocampal 

neurons of TAZKD mice show reduced protein content of synaptophysin, a presynaptic vesicle 

protein, as well as significant derangement of the hippocampal CA1 neuronal layer (158). 

Furthermore, the percentage of densely organized CA1 neurons was reduced in TAZKD mice 

compared to Wt controls (158). 

The more recent generation of Taz knockout (Taz-KO) mice is less studied, but has 

provided a more comparable model to Barth syndrome, providing a model with embryonic Taz 

deletion (162). These mice were produced by breeding heterozygous females with a germline 

deletion of exons 5–10 of the Taz gene with wild-type male C57BL/6J mice (162). Using this 

model, Taz-KO mice displayed lower bodyweights due to an overall reduction in adiposity and 

smaller organs and tissues, as well as higher energy expenditure measures and respiratory 

exchange ratios (163). These Taz-KO mice were also shown to have diminished exercise capacity 

that deteriorated at a faster rate when compared to Wt controls (163). Finally, these mice displayed 

reduced viability as well as shortened lifespans (163). In another study using this same model, it 

was found that tafazzin deficiency rendered murine neutrophils more susceptible to ER stress 

induced apoptosis (164).  
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ALCAT 1 Gene Ablation  

 

As with Tafazzin deficiency, ALCAT1 deficiency causes stark changes in mitochondrial 

structure and function. However, unlike in Tafazzin deficiency, the total content of cardiac CL 

from ALCAT1-/- mice was higher, and was significantly more enriched in linoleic acid compared 

to Wt control mice, suggesting appropriate, or even beneficial compensatory remodelling in 

ALCAT1-/- mice (13). In fact, ALCAT1 deficiency studies have revealed that the normal 

function of this enzyme can be detrimental to mitochondria, cells, tissues, and even to the 

organism (13, 14).  With regards to mitochondrial function, it was found that  ALCAT1 

deficiency rescued impaired complex I citrate synthase activity that was caused by ALCAT1 

overexpression, and that isolated liver mitochondria from the ALCAT1-/- mice oxidized 

palmitoyl-carnitine faster than mitochondria from the Wt control mice on a high-fat diet, 

indicating better mitochondrial function in the absence of ALCAT1 (13).  In a murine model of 

non-alcoholic fatty liver disease (NAFLD), NAFLD caused mitochondrial fragmentation in 

isolated hepatocytes in Wt control mice, but ALCAT1 deficiency completely prevented this by 

increasing MFN2 expression in the liver, and also mitigated mtDNA depletion and the 

development of mutations observed in Wt  control mice (14). 

Benefits of ALCAT1 deficiency extend to the modulation of disease processes. In high 

fat feeding models, it was reported that when compared to Wt mice, the ALCAT1-/- mice were 

more sensitive to the glucose lowering effects of insulin injection (13), and consumed 62% more 

food per kg of body weight than Wt controls (13). Protein Kinase B (PKB) phosphorylation was 

significantly enhanced in liver, adipose tissue, and skeletal muscle of ALCAT1-/- mice relative to 

that from the Wt controls, indicating enhanced insulin sensitivity in multiple tissues (13). 

Overall, the energy expenditure rate was also significantly elevated in the ALCAT1-/- mice, since 
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the ALCAT1-/- mice were also more active when compared to Wt controls (13), and a higher 

respiratory exchange ratio (RER) in ALCAT1-/- mice indicated improved utilization of 

carbohydrates as the major fuel source (13). Importantly, after 18 weeks on a high-fat diet 

(HFD),  Wt controls developed NAFLD, while ALCAT1–/– mice were completely protected (14).  

ALCAT1−/−  mice have also been utilized in a murine model of Parkinson’s disease 

(165). MPTP is a neurotoxin that creates symptoms characteristic of Parkinson’s disease, and it 

also upregulates ALCAT1 (165). Following injection with MPTP for a 7-day period, it was 

found that ALCAT1 deficiency attenuated the effects of impairment in locomotor activities and 

coordination skills that was induced in Wt controls (165). Additionally, in studies of 10-week-old 

C57BL/6J mice, pre-treatment for three days with the potent ALCAT1 inhibitor drug was found 

to attenuate motor deficits caused by MPTP (165). MPTP treatment models Parkinson’s disease 

by causing a depletion of dopaminergic neurons, but ALCAT1 inhibition by A320 prevents this 

loss (165). In addition, MPTP treatment also models the disease by decreasing expression of the 

autophagic initiator protein LC3II, but  ALCAT1 inhibition normalized that expression (165). 

Finally, ALCAT1 inhibition serves to improve mitochondrial architecture in the MPTP model of 

Parkinson’s disease (165). Mitochondrial architecture is regulated by a family of mitochondrial 

guanosine triphosphate hydrases (GTPases), including mitofusion 2 (MFN2) and DRP1, that 

regulate the mitochondrial fusion and fission process (165). MFN2 is depleted in Parkinson’s 

disease patients, whereas DRP1 inhibition protects against neurotoxicity (165). In this regard, 

ALCAT1 deficiency not only restored MFN2 to regular expression, but also significantly 

attenuated the mitochondrial association of DRP1 in the midbrain of MPTP mice (165). 

Together, this indicates a role for ALCAT1 in mitochondrial architecture.  
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In a study of  hypertrophic cardiomyopathy, hyperthyroidism caused cardiac hypertrophy 

in Wt mice, but ALCAT1 deficiency significantly attenuated the T4-induced cardiac 

enlargement, and partially normalized the heart-weight to body-weight ratio (166). Chronic 

hyperthyroidism caused severe ventricular fibrosis as a result of cardiomyopathy, but this was 

significantly attenuated by ALCAT1 deficiency (166). Furthermore, while the onset of T4-

induced cardiomyopathy in Wt mice was associated with left ventricular dysfunction 

characterized by a significant decrease in left ventricular fractional shortening (LVFS), ALCAT1 

deficiency significantly increased LVFS (166). Cardiomyopathy also significantly increased the 

size of cardiomyocytes in Wt mice, but the hypertrophic growth of cardiomyocytes was 

significantly attenuated in ALCAT1–/– mice (166). In Wt controls, chronic hyperthyroidism 

significantly increased mRNA expression of all hypertrophic biomarkers in Wt mice but 

ALCAT1 deficiency significantly attenuated the expression of these biomarkers (166). It was 

observed that hyperthyroid cardiomyopathy is associated with mitochondrial swelling, 

disorganized cristae, and abnormal ultrastructure of the mitochondria in Wt mice, but these 

damages were mitigated by ALCAT1 deficiency (166). However, chronic hyperthyroidism 

caused significant downregulation of Akt-mTOR signaling pathways in heart tissue of WT 

control mice but not in ALCAT1–/– mice (166). 

 

Alpha Trifunctional Protein (αTFP) and MLCL-AT1 Gene Ablation  

 

One research group examined the contribution of αTFP to CL remodelling and mitochondrial 

supercomplex formation in heart and liver mitochondria from Wt and αTFP heterozygous 

[Mtpa(+/−)] mice (167). Compared to Wt mice, Mtpa(+/−) mouse heart and liver exhibited ~55% 

and ~50% reductions in αTFP levels, respectively (167), while MLCL AT-1 protein derived 

from αTFP saw reduction of approximately 30% in Mtpa(+/−) mouse heart but not in liver (167). 
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To explain this contrast in tissue expression, the authors hypothesized that the expression pattern 

of MLCL AT-1 likely differs between heart and liver (167). Additionally, in vitro acylation of 

MLCL was reduced in heart but not in liver mitochondria of Mtpa(+/−) mice compared with Wt 

(167).  CL mass was also reduced in heart and liver mitochondria of Mtpa(+/−) mice and, 

specifically, there were reductions in linoleate-containing CL species, in particular, the TLCL 

and L3-MLCL species (167). Cardiac and liver mitochondrial supercomplex assembly and 

NADH dehydrogenase (complex I) activity within these supercomplexes were unaltered in both 

Mtpa(+/−) mouse heart and liver compared with Wt (167). The results indicate either that αTFP 

may modulate CL molecular species composition in murine heart and liver, TLCL may not be an 

essential requirement for mitochondrial supercomplex assembly, or that TLCL within 

mitochondria must decline below a threshold level before supercomplex assembly becomes 

destabilized (167). Overall, however, this work demonstrates a role for MLCL AT1 in the 

regulation of cardiac and hepatic CL total content and composition. 
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Chapter 3: Thesis Study I – Characterizing the O-transacylase 

Activity of PLAAT1 in Cardiolipin Remodeling Using Affinity-

Purified Protein 
 

Background and Rationale:  
 

 

The PLAAT family of proteins have been shown to demonstrate O-transacylase activity, 

described as the acyl-CoA-independent transacylation of a lysophospholipid using a fatty acyl 

chain donated from another phospholipid (89). All PLAAT enzymes have demonstrated O- 

acylation of LPC at the sn-1 position (39, 104), but O-acylation of other phospholipids has not 

been explored. In 2011, Shinohara and colleagues reported that purified human PLAAT1 displays 

in vitro O-transacylase activity, as well as N-transacylase activity and PLA1/2 phospholipase 

activity (39). Among these, the O-transacylase activity of PLAAT1 predominated, and this was 

shown when 2-[14C]palmitoyl-lyso PC was used as the acyl acceptor in the O-transacylation 

reaction with unlabelled PC as the acyl donor  (39). This is notably similar to the transacylase 

activity of Tafazzin, which uses PC as an acyl donor, but MLCL as an acyl acceptor (71). However, 

O-acylation activity by any PLAAT enzyme with MLCL or DLCL as fatty acyl acceptors has, to 

the best of my knowledge, not yet been reported.  

PLAAT1 is most highly expressed in mouse heart, brain, skeletal muscle (38) - all tissues 

that have substantial energetic demands and abundant mitochondria. Prior work from our lab has 

demonstrated that PLAAT1 overexpression in cells results in an increased capacity for CL 

synthesis in crude lysates derived from those cells, suggesting that PLAAT1 may be able to 

catalyze the O-transacylation of MLCL, and therefore have direct actions in CL remodeling (38). 

On the other hand, our laboratory has also found that PLAAT1 overexpression in cells increases 

the gene expression of multiple enzymes involved in CL synthesis, suggesting that PLAAT1 could 
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also regulate CL remodelling indirectly, potentially through modulation of cellular signaling 

pathways. This could occur, theoretically, through PLAAT1’s function as a N-transacylase, 

potentially impacting CL through NAE-regulated induction of enzymes involved in either 

remodeling or synthesis. It is important to note that these two potential roles for PLAAT1 in CL 

regulation – i.e. direct activity in CL remodeling through O-transacylase mediated acylation of 

MLCL and indirect regulation of pathways that promote CL synthesis are not mutually exclusive, 

and could both potentially occur in vivo. Thus, investigation of direct enzyme activity would 

require separation of the enzyme from any cellular system influences.  

Our laboratory had previously made a pilot attempt at assessment of the PC:MLCL O-

transacylase activity of PLAAT1 using an in vitro reticulocyte lysate transcription/translation 

system, in order to generate the enzyme free of other cellular genomic effects (38). In this, it was 

found that the PC:MLCL transacylase activity of reticulocyte lysates overexpressing PLAAT1 was 

approximately a third higher than control lysates when using [9,10-3H]-distearoyl-PC as an acyl 

donor. However, this experiment tested only a single PC concentration, and the sample size used 

for this experiment was inadequate to detect statistical significance. Thus, this first study aimed to 

design an enzyme assay using purified lysates, to determine if PLAAT1 exhibits direct PC:MLCL 

O-transacylase activity in vitro, and if so, to determine enzyme kinetics with different acyl donors 

 

Objectives and Hypotheses  

 

1. Objective: To determine if PLAAT1 has direct PC:MLCL O-transacylase activity.  

Hypothesis: Affinity purified PLAAT1 will have in vitro PC:MLCL O-transacylase 

activity using MLCL as an acyl acceptor and [9,10-3H]-18:1n-9/18:1n-9-PC, [9,10-3H]-

18:0/18:0-PC, and 16:0/[14C]18:2n-6-PC  as acyl donors.  
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Study Design and Development: 

  

Reticulocyte Lysate System 

Initially, I used a reticulocyte lysate in vitro transcription/translation system to produce 

recombinant PLAAT1. This system uses reticulocyte lysates that are anucleate to transcribe and 

translate proteins from plasmids coding for specific proteins. It was chosen for two reasons. First, 

this commercial system is used extensively in synthetic biology, since it has the capacity to 

generate plasmid-encoded proteins at high levels and, second, since it lacks nuclear transcription 

capabilities, will not transcribe or translate other proteins in response to any signals provided by 

the plasmid-encoded protein. A major concern with using crude lysates in initial studies on the 

characterization of PLAAT1 was the potential for confounding that could result from increased 

production of NAE signaling molecules, down-stream of the known N- transacylase activity of 

this enzyme. Since some NAE can act as transcription factors to alter the nuclear transcription of 

genes involved in lipid metabolism, utilization of a system that precluded this confounding activity 

was essential. Thus, the TNT ® Coupled Reticulocyte Lysate System was employed. However, 

limitations were encountered. After significant troubleshooting, it was determined that expression 

of PLAAT1 in this system was variable, and in some instances the recombinant protein was even 

undetectable. Since inconsistencies in yield were hindering progress, a different system, with 

higher, more consistent yields, was needed.   

Adenoviral Overexpression System and Affinity Purification 

HEK293 cells express the coxsackie-adenovirus receptor that allows for efficient 

transduction with adenovirus (168). Adenoviral infection of these cells will yield a high level of 

expression of proteins encoded by the viral genome, and can be used as a method to synthesize 



 
 

44 

abundant recombinant protein. HEK293 cells were infected at a multiplicity of infection (MOI) of 

20 infectious units (IFU) per cell with viral PLAAT1 (containing a separately transcribed viral 

green fluorescent protein (GFP) reporter) or viral GFP alone, and allowed to incubate for 72 hours. 

Cells were then harvested, and HRASLS1 was affinity purified. Initially, immobilized metal 

affinity chromatography (iMAC) was used to purify PLAAT1, since PLAAT1 has a C-terminal 

6xHis tag. However, after further troubleshooting, it was determined that this method resulted in 

the partial purification of non-functional proteins, and it was suspected that the presence of residual 

metal ions following elution were impairing activity of the enzyme in subsequent assays. Thus, 

agarose beads coated with monoclonal anti-HA-antibodies were next tested as a means to affinity 

purify PLAAT1 protein, via the C-terminal region tag that is also present in the virally-transcribed 

protein.  

In vitro PC:MLCL Transacylase Activity Assay 

The assay was performed essentially as described by Uyama et al, with minor 

modifications (15). A substrate mixture containing 100 nmol of MLCL, and variable amounts of 

either [9,10-3H]-18:0/18:0 phosphatidylcholine (distearoyl-PC), [9,10-3H]-18:1n-9/18:1n-9 

phosphatidylcholine (dioleoyl-PC), or 16:0/[14C]18:2n-6 phosphatidylcholine (1-palmitoyl-2-

[14C]-linoleoyl-PC), respectively, was mixed and dried under N2 and then reconstituted  by 

sonification at an amplitude of 60 Hz for six 5-second bursts in 100 μL of pre-warmed (37°C) 

Transacylase Reaction Buffer (50 mM Tris-HCl, pH 8, 2 mM DTT, 0.1% Nonidet P-40). Reactions 

were initiated by addition of 100 μL of pre-warmed substrate mixture to an aliquot of 100 μL 

immunoprecipitated PLAAT1-bead complex. Immunoprecipitate-bead complexes prepared from 

HEK-293 cells infected with only adenoviral GFP were used as controls in reactions, at all 

concentrations. Reactions were mixed gently, and incubated in a 37°C water bath for 30 minutes. 
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Reactions were then quenched by addition of 0.75 mL of methanol:chloroform (2:1, v/v), and lipids 

were extracted by the method of Blythe and Dyer [250]. Lipids were resolved and separated by 

thin layer chromatography (TLC). Individual phospholipid bands were identified using known 

standards, and bands corresponding to CL were scraped and quantified by liquid scintillation 

counting.  

Results: 

Affinity purified PLAAT1 catalyzes the dose-dependent transacylation of MLCL using distearoyl-

PC and dioleoyl-PC.  

The PC:MLCL transacylase reaction was repeated using affinity purified protein generated 

by immunoprecipitation of the C-terminal HA fusion tag attached to virally transcribed PLAAT1, 

synthesized in infected HEK293 cells. It was found that affinity purified PLAAT1 produced more 

CL than control reactions by incorporating [3H]18:0 and [3H]18:1 derived from [9,10-3H]-

distearoyl-PC and [9,10-3H]-dioleoyl-PC respectively into MLCL. PLAAT1 O-transacylase 

activity in reactions using 1-palmitoyl-2-[14C]-linoleoyl-PC as an acyl donor was not different 

than control levels at any concentration of substrate tested. To analyze kinetic parameters of 

PLAAT1, enzyme reactions were performed with increasing concentrations of [9,10-3H]-

distearoyl-PC and [9,10-3H]-dioleoyl-PC, and enzyme velocity were determined and depicted 

using a Lineweaver-Burk plot (Figure 5). The calculated Km for [9,10-3H]-distearoyl-PC as a 

substrate was 252.46 µM, while the Vmax was 1.614 µmol/min/mg protein (Table1). The calculated 

Km for [9,10-3H]-dioleoyl-PC as a substrate was 31.878 µM, while the Vmax was 0.6064 

µmol/min/mg protein (Table 1). 

 



 
 

46 

 

Figure 5: Lineweaver-Burk plots displaying the reciprocal PLAAT1 CL O-transacylase 

activity. Velocity rates (y axes) detected corresponding to reciprocal concentrations of substrates 

used (x axes) for reactions containing 100 M MLCL as an acyl acceptor and either (A) [9,10-
3H]-distearoyl-PC, or (B) [9,10-3H]-dioleoyl-PC as acyl donors.  

 

 

Table 1. Kinetic parameters for PLAAT1 with different substrates 

 

Substrate Vmax (µmol/min/mg pro) Km (µM) Vmax / Km 

[9,10-3H]-distearoyl-PC 1.614 252.46 0.0064 

[9,10-3H]-dioleoyl-PC 0.6064 31.878 0.01902 

1-palmitoyl-2-[14C]-

linoleoyl-PC 

ND ND ND 

 

Transacylase activity parameters of PLAAT1 were calculated from Lineweaver–Burke plots 

generated by assaying activity of affinity-purified enzyme using 100 μM MLCL reacted with 0–

200 μM PC (n = 2–3). ND = not determined. 
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Discussion 
 

PLAAT1 shares sequence similarities including catalytically critical residues, with the 

enzyme lecithin:retinol acyltransferase, which is an O-transacylase that catalyzes the acylation of 

retinol using PC as an acyl donor. Based on this homology, initial investigations of PLAAT1 (39) 

and other PLAAT family enzymes (89, 169), assumed that they would have PC-dependent O-

transacylase activity, which was determined experimentally with PC as an acyl donor and LPC as 

an acyl acceptor (89, 169). However, whether PLAAT1 has activity in other O-transacylase type 

reactions had not been tested.  

In this work, we found evidence that affinity purified PLAAT1 has O-transacylase activity 

in vitro using PC as an acyl donor and MLCL as an acyl acceptor. When compared to other CL 

remodelling enzymes, our findings show that PLAAT1 operates most similarly to Tafazzin that 

also acts as a PC:MLCL transacylase, while ALCAT1, MLCL AT-1, and αTFP, all exhibit acyl-

CoA-dependent acyltransferase activity (21). However, our assay findings indicate that PLAAT1 

exhibits a distinct substrate specificity that differs from tafazzin. Our in vitro findings on the 

catalytic activity of PLAAT1 using affinity-purified enzyme indicated substrate preference for di-

stearoyl PC and di-oleoyl PC over 1-palmitoyl-2-linoleoyl-PC, in contrast to tafazzin, which 

preferentially utilizes linoleate residues from PC (21). This activity also differs from that of MLCL 

AT-1 and αTFP, which prefer to use linoleoyl-CoA, and ALCAT1, which prefers HUFA, forgoing 

16–18 carbon saturated, monounsaturated, and polyunsaturated fatty acids (21). Thus, the enzyme 

activity exhibited in this analysis suggests a preference by PLAAT1 for utilization of PC species 

containing saturated and monounsaturated rather than n-6 polyunsaturated 18-carbon fatty acyl 

chains but may also indicate some additional preference for fatty acyl moieties esterified at the sn-

1 position of PC. 
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Chapter 4: Thesis Study II - Characterization of Cardiolipin 

Content and Composition in PLAAT1-Deficient Heart, Brain, and 

Skeletal Muscle 
 

Introduction and Study Rationale 
 

At a molecular level, animal models of tafazzin deficiency are most commonly described by 

the aberrant CL composition characterized in the heart and skeletal muscle tissues (1, 157, 159-

161). However, recent work by our research group, as well as others, has shown that these 

characteristics further manifest as profound changes in growth patterns, organ weights, as well as 

overall survival when the effects of tafazzin deficiency are studied in vivo (162, 163, 170). Our in 

vitro work using affinity-purified enzyme in a transacylase assay system has shown that PLAAT1, 

similar to tafazzin, can also act as a PC:MLCL O-transacylase enzyme. Thus, it is rational to 

hypothesize that PLAAT1 may play a direct role in CL remodeling in vivo. Furthermore, PLAAT1 

has been demonstrated to have PLA1/2 and N-transacylase activities. Since the latter can modify 

NAE production, and NAEs and their downstream targets can regulate bioenergetic processes 

(171), phospholipid biosynthesis (172, 173), and mitochondrial biogenesis (174), it is also rational 

to hypothesize that PLAAT1 may play an indirect role in CL metabolism in vivo.  

The generation of knockout mouse models has demonstrated that loss of CL remodeling 

enzymes can profoundly alter the content and composition of CL species found in different 

tissues. For instance, one study observing TAZKD mice observed that in heart tissues of Wt 

controls, the major molecular species with C18 acyl side chains constituted 45% of total CL, 

while Tafazzin deficiency drastically reduced that to 11%, along with a 50% decrease in the total 

content of heart CL (1). Alterations in content of C18 CL were also accompanied by 

accumulation of molecular species with shorter acyl side chains and with higher degrees of 
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saturation (1).  Like in heart tissues, in Wt EDL muscle, CL with C18 acyl side chains constituted 

34% of total CL species, whereas in TAZKD EDL, these values were reduced to 5% (1). 

Similarly, these changes in EDL were also accompanied by increases in CL molecular species 

with shorter and asymmetric side acyl groups (1).   

Recently, the effects of PLAAT1 ablation at the level of the organism have been reported.  In 

a study aiming to examine the effects of PLAAT1 deficiency on HFD-induced obesity and hepatic 

lipid accumulation, the authors found that PC, PE, PS, and PI tended to be higher in the livers of  

Plaat1-/- mice fed either a standard low fat diet or a HFD when compared to their Wt counterparts, 

while most lysophospholipids were lower in PLAAT1 deficient livers (155).  They did not, 

however, examine CL levels or composition. Since PLAAT1 is most highly expressed in brain, 

heart, and skeletal muscle, these tissues were the primary focus for study in this series of 

experiments. Thus, to test whether PLAAT1 deficiency alters tissue CL levels, we also generated 

a Plaat1 -/- mouse model.  
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Objectives and Hypotheses  

 

The objectives and hypothesis for this study were as follows: 

1. Objective 1: To compare the total amount of CL in brain, heart, and skeletal muscle of 

Plaat1-/- mice in comparison to Wt mice.  

Hypotheses: Plaat1-/- mice will display decreased total CL in brain, heart, and skeletal 

muscle tissues in comparison to Wt mice. Since our enzyme assay results indicated that 

PLAAT1 displays a preference for PC containing 18:0 and 18:1n-9 as acyl substrates, the 

ablation of the enzyme would suggest that CL would decrease in tissues where these acyl 

chains are one of the preferred substrates for CL remodelling.  

2. Objective 2: To compare the CL fatty acyl profiles of brain, heart, and skeletal muscle, in 

Plaat1-/- mice with Wt mice.  

Hypotheses:  Since our first study using a purified system indicated that PLAAT1 

preferentially incorporates saturated and mono-unsaturated fatty acids onto MLCL, the 

CL fatty acyl profile of PLAAT1 deficient tissues is expected to have an increased ratio 

of n-6 to SFA and MUFA species, and thus a decreased ratio of saturated to 

polyunsaturated fatty acids.  
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Study Design:  

 

Animals: 

 

To generate Plaat1 knockout (Plaat1−/−) mice, exon 3 of the Plaat1 gene was deleted in 

C57Bl/6J zygotes using CRISPR by technicians at The Centre for Phenogenomics (TCP), 

Toronto, ON, CA, producing Plaat1+/− (heterozygous) mice. Exon 3 was targeted because 

deletion of this region will disrupt enzymatic activity of the PLAAT1 protein, since at least 2 

catalytically critical residues are present in this domain. Plaat1+/− mice were maintained on a 

C57Bl/6J background by routinely crossing them with wildtype C57Bl/6J mice, and then 

Plaat1−/− mice were produced by intercrossing male and female Plaat1+/− mice taken from the 

7th generation of sequential crosses. Thus, the animals used for this study were male and female 

Plaat1-/- mice and Wt controls. Animal procedures were performed with the approval of the 

University of Waterloo Animal Care Committee (AUPP#43325, approved 03 June 2021, 

renewed June 04, 2023) and comply with guidelines of the Canadian Council on Animal Care. 

Mice were ear notched at 4 weeks of age and genotyped to determine the total number of 

Plaat1−/− and Wt male and female mice. At 20 weeks of age, this subset of mice was sacrificed, 

and organs and tissues from euthanized mice were excised, weighed, and snap-frozen in liquid 

nitrogen and stored at - 80°C. 

Lipid Extraction, Thin Layer Chromatography (TLC), and Gas Chromatography (GC)  

Total lipids were isolated from the tissue samples of Plaat1-/- and Wt mice using Folch's method 

(175). In summary, tissue was homogenized using a Polytron® at top speed, in 3 mL of a 

chloroform:methanol mixture in a 2:1 ratio, supplemented with butylated hydroxytoluene as an 

antioxidant, sourced from Sigma-Aldrich, Bellfonte PA.  These samples were then vortexed for 

15 seconds at the highest speed.  Subsequently, 500 μL of Na2PO4 was added, then the samples 
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were inverted three times and centrifuged at 3,000 x rpm for a period of 5 minutes to segregate 

the organic and aqueous phases. The lower organic phase was extracted to a newly labeled tube. 

These samples were then dried under a gentle nitrogen stream and dissolved in 50 μL of 

chloroform. Individual lipid classes were then separated by thin layer chromatography (TLC). 

Samples were reconstituted in 50 μL of chloroform, applied to a silica gel HF plate (20cm × 20 

cm, 250 μM; Analtech Inc., Cole-Parmer Canada, Montreal, Quebec), then resolved using a 

chloroform:methanol:2-propanol:0.25% KCl:trimethylamine solvent front (30:9:25:6:18, 

v/v/v/v/v). CL bands were visualized by UV illumination after spraying with 0.1% 2,7-

dichlorofluorescin in methanol (w/v), and identified and scraped based on comparison with CL 

standards (Avanti Polar Lipids, Millipore Sigma, Mississauga, Ontario, Canada). In preparation 

for gas chromatography (GC), the fatty acyl species within CL were derivatized to fatty acyl 

methyl esters by a transesterification method using 14% boron trifluoride in methanol and 

hexane (Thermo Scientific, Bellfonte PA), containing nonadecanoic acid (19:0) ethyl ester as an 

internal standard (Nu-Check Prep, Elysian, MN). This was then heated at 95 °C for 1 h. This 

product was = centrifuged at 3000 × rpm for 5 min, then the top layer was transferred to a fresh 

tube, dried under a N2 stream, and resuspended in 65 μL of heptane. Analysis using gas 

chromatography with flame ionization detection was performed using the Agilent 7890A gas 

chromatograph equipped with a DB-FFAP 15 m × 0.10 mm injected dose × 0.10 μm film 

thickness nitroterephthalic acid modified polyethylene glycol capillary column (J&W 

Scientific/Agilent Technologies, Mississauga, Ontario, Canada) with hydrogen as the carrier gas. 

Briefly, 1 μL of samples were introduced by an Agilent 7693A autosampler into the injector and 

heated to a temperature of 250 °C with a split ratio of 50:1. Initial temperature was 150 °C with a 

0.25-min hold followed by a 35 °C/min ramp to 200 °C, a 1 °C/min ramp to 211 °C, and then a 
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80 °C/min ramp up to 245 °C with a 4-min hold at the end. The flame ionization detector 

temperature was set at 300 °C with air and nitrogen make-up gas flow rates of 300 and 10 

mL/min, respectively, sampled at a frequency of 50 Hz.  

Statistical Analysis: 

Fatty acyl composition was expressed in two ways: concentrations (measured in μg of fatty acids 

per mg of protein) and as relative weight percentages (as a percentage of the total fatty acid mass 

analyzed). Total CL content was calculated based on the total mass of all CL fatty acyl species 

within each sample. Differences in the total content and relative percentages of fatty acyl species 

and lipid categories between Wt and Plaat1−/− mice were analyzed using an unpaired Student’s t-

test to determine differences between genotypes. 
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Results  

PLAAT1 deficiency results in higher total CL content in the female mouse brain and changes CL 

fatty acyl content to a less saturated composition.  

The effects of PLAAT1 deficiency on the total amount of CL in the brain tissues of Plaat1-/- 

mice were evaluated. Notably, where the total amount of CL in the brain tissues of female Plaat1-/- 

mice compared to their Wt counterparts was 154% greater (Wt, 437.2  50.36 μg CL/ g of tissue 

versus Plaat1-/-, 1109  193.4 μg CL/ g of tissue, P=0.0152) (Fig. 6B). This alteration in total CL 

content in brain tissue did not extend to the male mice, where brain tissues from the Plaat1-/- mice 

displayed 31.2% higher CL content, but this change was not found to be statistically significant 

for the tested sample size (Fig. 6A).  

Tissue contents of major classes of fatty acids and individual species within those classes 

were analyzed, and the data are shown both as total concentrations (in μg/g of tissue analyzed) 

and as relative mass percentages by mass. The total concentration of SFA were lower in male 

Plaat1-/- mice (Fig. 7A) but were not different in female Plaat1-/- mice (Fig. 7C). Our analysis of 

the relative mass percentage of different CL species revealed a lower abundance of SFA species in 

CL isolated from the brains of male Plaat1-/- mice, in comparison to their Wt counterparts (Wt, 30.67 

± 0.88 wt/wt % of total CL versus Plaat1-/-, 17.21 ± 0.76 wt/wt % of total CL, P<0.0001) (Fig. 7B, 

3A). The lower SFA content was predominantly attributable to less CL acylation by 18:0 fatty acid 

(FA) species, which were quantitatively the most abundant SFA species in brain CL, where a relative 

reduction of 65.76% was recorded in Plaat1-/- males (Wt, 15.91 ± 0.65 wt/wt % of total CL versus 

Plaat1-/-, 5.45 ± 0.36 wt/wt % of total CL, P<0.0001) (Fig. 8A). A comparable effect was observed in 

the relative brain CL composition in female Plaat1-/- mice, where the relative proportion of both the 

total SFA species (Wt, 31.86 ± 2.96 wt/wt % of total CL versus Plaat1-/-, 21.51 ± 0.83 wt/wt % of 
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total CL, P=0.0073) (Fig. 2D, 3B) and 18:0 species (Wt, 18.05 ± 0.91 wt/wt % of total CL versus 

Plaat1-/-, 6.48 ± 0.60 wt/wt % of total CL, P<0.0001) was found to be less when compared to Wt 

mice (Fig. 8B).  In addition to these changes, relative reductions were also seen in less abundant 

SFAs, such as the 20:0, 22:0, and 24:0 FAs, in both male and female Plaat1-/- mice (Fig. 8A, B).   

We evaluated the impact of PLAAT1 deficiency on the total content of MUFA species in 

CL extracted from mouse brains and found no significant differences in concentrations in either 

male or female Plaat1-/- mice. However, we noted significantly lower percentage of CL 

comprised of MUFA, as well as differences in the composition of MUFA species in CL. 

Specifically, in Plaat1-/- male brains, there was substantially less relative composition by MUFA 

species (Wt, 29.94  0.62 wt/wt % of total CL versus Plaat1-/-, 20.01  0.68 wt/wt % of total CL, 

P<0.0001) (Fig. 7B, 9A). A similar change was also seen in the Plaat1-/- female brains (Wt, 28.38 

 0.34 wt/wt % of total CL versus Plaat1-/-, 23.35  1.42 wt/wt % of total CL, P=0.0062) (Fig. 7D, 

9B). The majority of this compositional shift can be attributed to less acylation by 18:1n-9 FAs, 

which was found to be 36.1% lower in Plaat1-/- males (Wt, 19.58  0.59 wt/wt % of total CL 

versus Plaat1-/-, 12.52  0.57 wt/wt % of total CL, P<0.0001) (Fig. 9A), and 22.2% lower in 

Plaat1-/- female mice (Wt, 21.07  0.71 wt/wt % of total CL versus Plaat1-/-, 16.38  1.05 wt/wt % 

of total CL, P=0.0064) (Fig. 9B).  In male Plaat1-/- mice, relative amounts of 20:1n-7 and 22:1n-9 

were also less, while in female Plaat1-/- mice, we observe reduced 20:1n-9 species (Fig. 9A, B).  

We examined alterations in the CL composition of FA categories in the brains of Wt and 

Plaat1-/- mice. In Wt mice, the SFA 18:0 and the MUFA 18:1n-9 constituted the most abundant acyl 

chains of CL (Fig. 7A, C). However, Plaat1-/- mice exhibited a significant shift in this pattern. In 

both male and female Plaat1-/- mice, the total concentration and relative abundance of n-6 PUFA in 
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brain CL was  2-fold greater (Fig. 7A, C). Thus, the lesser relative abundance of SFA and MUFA 

were offset by proportionally higher total N-6 species. Specifically, the total concentration of N-6 

PUFA in brain CL from male and female Plaat1-/- mice was found to be 196% and 233% greater, 

respectively (Fig. 7A, C). In relative terms, male Plaat1-/- mice demonstrated a 135% higher mass 

percentage of brain CL that was comprised of N-6 PUFA (Wt, 22.99  0.97 wt/wt % of total CL 

versus Plaat1-/-, 53.93  1.06 wt/wt % of total CL, P<0.0001) (Fig. 7B, 10A), while for the female 

Plaat1-/- mice it was 105% more (Wt, 22.43  0.79 wt/wt % of total CL versus Plaat1-/-, 45.90  

2.19 wt/wt % of total CL, P<0.0001) (Fig. 7D, 10B).   

Interestingly, despite greater amounts of N-6 species, we noted significantly lower relative 

amounts of AA (20:4n-6), which was the most abundant N-6 fatty acyl species in CL isolated from 

brains of Wt mice. Specifically, male Plaat1-/- mice have 83.14% less of this species compositionally 

(Wt, 15.13  0.84 wt/wt % of total CL versus Plaat1-/-, 2.55  0.58 wt/wt % of total CL, P<0.0001) 

(Fig. 10A), while in female Plaat1-/- mice it was found to be 73.61% less (Wt, 11.18  2.14 wt/wt % 

of total CL versus Plaat1-/-, 2.95  0.43 wt/wt % of total CL, P=0.0055) (Fig. 10B).  But perhaps 

most interestingly, we see that compensation by N-6 FA’s is almost exclusively driven by a 996% 

(Wt, 4.31  0.28 wt/wt % of total CL versus Plaat1-/-, 47.22   0.98 wt/wt % of total CL, P<0.0001) 

(Fig. 5A), and a 372% (Wt, 8.49  1.73 wt/wt % of total CL versus Plaat1-/-, 40.09  1.76 wt/wt % 

of total CL, P<0.0001) (Fig. 10B) greater relative abundance of linoleic acid (18:2n-6) in brain CL of 

male and female Plaat1-/- mice. This is of note because TLCL is the most ubiquitous form of 

mature CL in tissues outside of the brain, but the deletion of PLAAT1 resulted in a 

compositional change wherein linoleate became the most abundant CL fatty acyl species within 

the brain.  
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N-3 fatty acyl species were the least abundant category in brain CL both from Wt and 

Plaat1-/- mice. Regardless, our examination of brain CL acylation by N-3 fatty acids revealed 

notable alterations associated with PLAAT1 deficiency. Male Plaat1-/- mice had a 27.96% lower 

relative abundance of total N-3 in brain CL (Wt, 9.54  0.44 wt/wt % of total CL versus Plaat1-/-, 

6.87  0.64 wt/wt % of total CL, P=0.0091) (Fig. 7B, 11A). Furthermore, 41.69% lower levels of 

22:6n-3 (DHA) were also evident (Wt, 7.61  0.37 wt/wt % of total CL versus Plaat1-/-, 4.44  0.72 

wt/wt % of total CL, P=0.0045) (Fig. 11A). Female mice exhibited similar patterns in these 

respective compositions, though the differences were not statistically significant (Fig. 11B). On the 

other hand, CL isolated from brain tissues of female Plaat1-/- mice contained 314% more 22:5n-3 

(EPA) than was evident in CL isolated from Wt female brains (Wt, 0.14  0.05 wt/wt % of total 

CL versus Plaat1-/-, 0.60  0.12 wt/wt % of total CL, P=0.0097) (Fig. 11B), and these differences 

were not seen in males. In both male and female mice, the relative proportion of 18:3n-3 in CL 

approximately twice as much in Plaat1-/- mice, but this fatty acyl constituted less than 1% of total 

brain CL (Fig. 11A, B). Despite these changes, total N-3 concentrations did not differ between either 

male or female Plaat1-/- mice when compared to Wt controls (Fig. 11B, D).  

Alterations caused by PLAAT1 in relative PUFA content in the male mice to be 86% higher 

(Wt, 32.67  1.37 wt/wt % of total CL versus Plaat1-/-, 60.85  1.49 wt/wt % of total CL, P<0.0001) 

(Fig. 7B), and 77% higher in female  mice (Wt, 29.2  1.75 wt/wt % of total CL versus Plaat1-/-, 

51.70  2.37 wt/wt % of total CL, P<0.0001) (Fig. 7D), mostly due to greater acylation specifically 

by 18:2n-6 (Fig. 10A, B). In contrast, the relative abundance of HUFA species was 57% less in 

Plaat1-/- male brains (Wt, 27.22  1.35 wt/wt % of total CL versus Plaat1-/-, 11.57  1.17 wt/wt % 

of total CL, P<0.0001),  and 51% less in Plaat1-/- female brains (Wt, 19.71  3.48 wt/wt % of total 
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CL versus Plaat1-/-, 9.67  1.39 wt/wt % of total CL, P=0.028) (Fig. 7B, D). Although 

docosapentaenoic acid (22:5n-3) was significantly more abundant in CL in female Plaat1-/- brains, 

this fatty acyl species constituted less than 1% of total CL. Thus, the difference in HUFA 

abundance between Wt and Plaat1-/- brain CL was largely due to lower proportions of DHA 

(22:6n-3) and AA (20:4n-6) that are quantitatively more substantial in CL in this tissue. 

PLAAT1 deficiency in mouse heart tissue results in lower total CL contents and a shift in CL 

fatty acyl content to a more saturated composition with a lowered relative abundance of 

linoleoyl CL species.  

After examining various tissues, the most remarkable alteration due to PLAAT1 deficiency 

was observed in cardiac tissue, where total CL content was substantially lower in both male and 

female Plaat1-/- mice. In male mice, we documented 95% less total CL content (Wt, 18321  5196 

μg CL/ g of tissue versus Plaat1-/-, 995.7  240.9 μg CL/ g of tissue, P=0.0158), and in female mice 

82% less (Wt, 9402  1854 μg CL/ g of tissue versus Plaat1-/-, 1672  415.6 μg CL/ g of tissue, 

P=0.0066) (Fig. 6A, B). The lower total CL is associated with significant lesser concentrations of all 

major classes of fatty acyl species in male Plaat1-/- mice, and in total concentrations of SFA, MUFA, 

and N-6 PUFA in female Plaat1-/- mice. Male Plaat1-/- mice had 90%, 96%, 97%, and 83% lower 

concentrations of total SFA, MUFA, N-6 PUFA, and N-3 PUFA respectively (Fig. 12A). Plaat1-/- 

female mice had 66% lower total masses of SFA, 88% lower total MUFA, and 87% lower total N-6 

PUFA in CL per gram of brain tissue analyzed (Fig. 12C). 

In heart CL from Plaat1-/- mice, the relative abundance of N-6 species was considerably less. 

Specifically, male and female Plaat1-/- mice had 44% (Fig. 12B, 15A) and 37% (Fig.12D, 15B) 

lower relative proportions of N-6 PUFA, respectively. Male Plaat1-/- mice had 83% lower relative 

abundance of 18:2n-6 (Wt, 35.79  0.79 wt/wt % of total CL versus Plaat1-/-, 6.04  0.77 wt/wt % 
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of total CL, P<0.0001) (Fig. 15A). Similarly, in female Plaat1-/- mice, 18:2n-6 relative abundance 

was 87% lower (Wt, 29.73  1.19 wt/wt % of total CL versus Plaat1-/-, 3.95  0.38 wt/wt % of total 

CL, P=0.0158) (Fig. 15B). This change likely indicates a reduction in tetra-linoleoyl species of CL in 

mouse hearts from both sexes, although this was not directly investigated in the current work. 

Surprisingly, the abundance of other N-6 PUFA species tended to be higher in Plaat1-/- mice. AA 

levels were substantially higher in both sexes. Male Plaat1-/- mice exhibited an approximate 18-fold 

higher level of 20:4n-6 (Wt, 0.63  0.11 wt/wt % of total CL versus Plaat1-/-, 11.38  1.36 wt/wt % 

of total CL, P<0.0001), and female Plaat1-/- mice, this difference was 20-fold (Wt, 0.63  0.03 wt/wt 

% of total CL versus Plaat1-/-, 12.86  1.44 wt/wt % of total CL, P<0.0001) (Fig.15A, B).  

We also observed significant compositional differences in an array of saturated fatty acyl 

species in CL from Plaat1-/- mouse hearts. Although the total concentration of SFA in CL in heart 

tissue was lower in Plaat1-/- mice compared to Wt controls, total heart CL content was less, and 

therefore when SFA was examined as a relative proportion of the total mass of CL present, the 

relative abundance of SFA in CL from Plaat1-/- mice was higher than the relative abundance in CL 

from Wt mice. In other words, in Plaat1-/- mice, despite the drastic reduction in total CL 

concentrations in heart (which was associated with reductions in concentrations of all classes of fatty 

acids in heart CL) the relative content of SFA in analyzed CL was greater in mice deficient in 

PLAAT1. The relative mass percentage of SFA in heart CL was 74% higher in male Plaat1-/- mice 

(Wt, 17.16  0.40 wt/wt % of total CL versus Plaat1-/-, 29.84  1.96 wt/wt % of total CL, 

P=0.0002) (Fig. 12B, 13A) and 101% higher in female Plaat1-/- mice (Wt, 18.45  0.19 wt/wt % of 

total CL versus Plaat1-/-, 37.11  3.29 wt/wt % of total CL, P=0.0005) (Fig. 12D, 13B). The 

predominant SFA species detected in heart CL in Wt mice was 16:0, and the relative content of this 

lipid did not differ significantly between Wt and Plaat1-/- mice (Fig. 13A, B). In contrast, stearate 
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(18:0) levels in heart CL were approximately 12 fold higher in both male (Wt, 1.36  0.19 wt/wt % 

of total CL versus Plaat1-/-, 16.99  1.33 wt/wt % of total CL, P<0.0001) and female (Wt, 1.90  

0.07 wt/wt % of total CL versus Plaat1-/-, 22.63  2.57 wt/wt % of total CL, P<0.0001) mice lacking 

PLAAT1, and this difference resulted in 18:0 becoming the most abundant SFA in heart CL in 

Plaat1-/- mice  (Fig. 13A, B). With regards to less abundant SFA’s, namely 20:0, 22:0, and 24:0, each 

constituting less than 1% of total CL fatty acyl species, we see significantly greater relative levels 

when PLAAT1 is deficient (Fig. 13A, B).  

The concentrations and relative abundances of MUFA species in CL isolated from the hearts 

of Plaat1-/- mice were substantially lower compared to Wt mice. The observed differences were 

found in both male and female mice. In male Plaat1-/- mice, the relative abundance of total MUFA 

species was 34.7% less (Wt, 39.58  1.19 wt/wt % of total CL versus Plaat1-/-, 25.83  2.71 wt/wt 

% of total CL, P=0.0017) (Fig. 12B, 14A) and in female mice 41.4% less (Wt, 45.14  1.48  wt/wt 

% of total CL versus Plaat1-/-, 26.46  1.78 wt/wt % of total CL, P<0.0001) (Fig. 12D, 14B). The 

lower amount of MUFA abundance was primarily due to lesser relative abundance of oleate (18:1n-

9), which is typically the second most highly enriched fatty acyl chain in heart CL. The relative 

amounts of 18:1n-9 were 36.7% lower in male Plaat1-/- mice (Wt, 27.79  0.90  wt/wt % of total CL 

versus Plaat1-/-, 17.64  1.63 wt/wt % of total CL, P=0.0006), and 48.4% lower in female Plaat1-/- 

mice (Wt, 35.28  1.34  wt/wt % of total CL versus Plaat1-/-, 18.22  1.40 wt/wt % of total CL, 

P<0.0001) (Fig. 14A, B).   

PLAAT1 deficiency resulted in a lower total concentration of omega-3 species in heart CL in 

male mice, although this difference did not reach statistical significance in females. However, the 

relative percentage of N-3 PUFA levels as a mass percentage of total fatty acyl species in heart CL 
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was 153% greater in male Plaat1-/- mice (Wt, 2.84  0.07 wt/wt % of total CL versus Plaat1-/-, 7.19 

 1.14 wt/wt % of total CL, P=0.0053) (Fig. 12B, 16A) and 196% greater in female Plaat1-/- mice 

(Wt, 2.38  0.08  wt/wt % of total CL versus Plaat1-/-, 7.06  0.98 wt/wt % of total CL, P=0.0014) 

(Fig. 12D, 16B). In Wt mice, 18:3n-3 was the most abundant N-3 PUFA species in CL, in both males 

and females, followed by DHA (22:6n-3). In PLAAT1 deficient mice, however, the level of DHA 

was much higher. In both male and female Plaat1-/- mice, DHA levels were 14-fold higher (male Wt, 

0.49  0.12  wt/wt % of total CL versus Plaat1-/-, 6.70  1.16 wt/wt % of total CL, P=0.0007,  

female Wt, 0.49  0.05  wt/wt % of total CL versus Plaat1-/-, 6.63  1.06 wt/wt % of total CL, 

P<0.0001) (Fig. 16A, B).  

Total CL PUFA concentrations in heart and relative PUFA concentrations in heart CL were 

both significantly lower when PLAAT1 was deficient, and these effects were common to both sexes 

(Fig. 12). The relative proportion of PUFA in heart CL was 29.5% lower in male Plaat1-/- mice 

compared to male Wt mice (Wt, 40.16  0.59 wt/wt % of total CL versus Plaat1-/-, 28.3  2.05 

wt/wt % of total CL, P=0.0005) and 19.9% lower in female Plaat1-/- versus Wt mice (Wt, 33.53  

1.27  wt/wt % of total CL versus Plaat1-/-, 26.87  2.54 wt/wt % of total CL, P=0.0472) (Fig. 12B, 

D). This difference is mostly driven by lower acylation by 18:2n-6 species.  

Interestingly, in both males and females the total HUFA species in heart CL isolated from 

Plaat1-/- mice comprised a substantially higher percentage of the total fatty acyl species within that 

CL, although the concentrations of total CL HUFA per gram of brain tissue did not differ 

significantly by genotype, suggesting relatively high conservation of CL enriched in this class of fatty 

acyl chains after PLAAT1 loss. For male Plaat1-/- mice, the relative mass percentage of heart CL 

HUFA species was approximately 11-fold higher than in Wt mice (Wt, 1.96  0.31 wt/wt % of total 
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CL versus Plaat1-/-, 20.94  2.15 wt/wt % of total CL, P<0.0001) (Fig. 12B). Similarly, female 

Plaat1-/- mice had an approximately 12-fold greater relative enrichment of heart CL with HUFA 

species compared to their sex-matched Wt controls (Wt, 1.78  0.12 wt/wt % of total CL versus 

Plaat1-/-, 22.27  2.35 wt/wt % of total CL, P<0.0001) (Fig. 12D). The substantial enrichment of 

heart CL by HUFA species appears to be driven primarily by greater relative mass percentages of the 

20:4n-6 and 22:6n-3 species.  

PLAAT1 deficiency results in greater CL concentrations in the gastrocnemius muscle of both male 

and female mice, including higher relative composition by MUFA species and lower relative 

composition by N-6 PUFA species.  

PLAAT1 deficient male and female mice have a significantly higher concentration of CL in 

gastrocnemius muscle. In male Plaat1-/- mice, we see a 185% higher concentration of total CL 

(Wt, 596.2  90.71 μg CL/ g of tissue versus Plaat1-/-, 1704  317 μg CL/ g of tissue, P=0.015), 

while in female Plaat1-/- mice we observe a 364% greater concentration of total CL (Wt, 899.2  

33.51 μg CL/ g of tissue versus Plaat1-/-, 4127  1132 μg CL/ g of tissue, P=0.0142) (Fig. 6A, B). 

This can be further separated into specific differences in fatty acyl classes, where we observed 

that the concentration of SFA was 192% higher, and the concentration of MUFA was 463% 

higher in male Plaat1-/- mice, while the concentrations of SFA, MUFA, and N-6 PUFA in female 

Plaat1-/- mice were higher by 347%, 760%, and 215%, respectively (Fig. 17A, C).  

Despite the higher concentrations of CL SFA in male and female Plaat1-/- gastrocnemius 

muscle, these concentrations were proportionate to the overall greater CL concentration in this 

tissue, and as a result, the relative abundance of SFA expressed as a mass percentage of total 

fatty acyl chains in analyzed CL did not differ significantly between Plaat1-/- and Wt mice, and 

this was observed in both sexes (Fig. 17B, D and 18A, B). Within the SFA species, differences in 
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the abundance of specific fatty acyls were evident. We observed a lesser relative proportion of 

18:0 in both male (Wt, 5.55  0.12 wt/wt % of total CL versus Plaat1-/-, 1.55  0.34 wt/wt % of 

total CL, P<0.0001) and female (Wt, 5.71  0.31 wt/wt % of total CL of tissue versus Plaat1-/-, 2.26 

 0.47  wt/wt % of total CL, P=0.0003) mice (Fig. 18A, B). Although differences in the proportions 

of palmitate (16:0) did not reach statistical significance, modestly higher levels of this FA species, as 

well as myristate (14:0) together seem to have contributed to offsetting the lower 18:0 levels, so that 

total SFA proportions did not differ significantly in gastrocnemius CL between genotypes.  

Total gastrocnemius CL MUFA concentrations were nearly 6-fold and 9-fold higher in male 

and female Plaat1-/- mice, respectively (Fig. 17A, C).  We observed that male Plaat1-/- mice have a 

98% higher relative MUFA content compared to Wt mice as a proportion of total CL fatty acyl 

species analyzed  (Wt, 21.42  1.01  wt/wt % of total CL versus Plaat1-/-, 42.37  1.81 wt/wt % of 

total CL, P<0.0001), and an 83% higher relative MUFA proportion in total fatty acyl species 

analyzed  in female Plaat1-/- mice (Wt, 22.16  1.13 wt/wt % of total CL versus Plaat1-/-, 40.55  

0.83 wt/wt % of total CL, P<0.0001) (Fig. 17B, D and 19A, B). This difference stems primarily from 

greater relative proportions of 18:1n-9 species, which are 92% higher in proportional content in CL 

from male Plaat1-/- mouse gastrocnemius muscle (Wt, 15.08  1.04 wt/wt % of total CL versus 

Plaat1-/-, 29.01  2.32 wt/wt % of total CL, P=0.0016),  and 81% higher in female Plaat1-/- mouse 

gastrocnemius muscle CL (Wt, 15.98  0.98 wt/wt % of total CL versus Plaat1-/-, 28.95  0.76 

wt/wt % of total CL, P<0.0001) (Fig. 19A, B).  

Higher concentrations of total N-6 PUFA in CL isolated from the gastrocnemius muscle of 

Plaat1-/- mice were statistically significant in females, but did not reach this threshold in males 

(Fig.17A, C). Regardless, these higher levels were not as elevated as the total CL concentration 



 
 

64 

elevation that was observed overall, and therefore the relative proportional abundance of N-6 

acylated onto CL (analyzed by mass percentage) was 33.2% lower in male Plaat1-/- mice (Wt, 

50.58  1.78 wt/wt % of total CL versus Plaat1-/-, 33.80  1.68 wt/wt % of total CL, P=0.0003) and 

by 31.1% in female Plaat1-/- mice (Wt, 50.31  1.30 wt/wt % of total CL versus Plaat1-/-, 34.64  

0.47 wt/wt % of total CL, P<0.0001) (Fig.17B, D and 20A, B). Most of the relatively lower level of 

N-6 PUFA content results from differences in linoleic acid, where we see that the relative mass 

percentage of 18:2n-6 in total gastrocnemius CL is 27.8% lower in male Plaat1-/- mice (Wt, 44.34  

2.59 wt/wt % of total CL versus Plaat1-/-, 32.00  1.67 wt/wt % of total CL, P=0.0042), and  26.1% 

lower in female Plaat1-/- mice (Wt, 44.38  0.89 wt/wt % of total CL versus Plaat1-/-, 32.79  0.35 

wt/wt % of total CL P<0.0001) (Fig. 20A, B). In both sexes, we also observe relative lower mass 

percentages of 20:2n-6, 20:3n-6, 20:4n-6, 22:4n-6, and 22:5n-6 species, but these fatty acyl species 

were substantially less abundant than 18:2n-6 in terms of relative composition (Fig. 20A, B).  

The relative mass percentage of total N-3 PUFA species was approximately 48% lower in 

both male (Wt, 5.97  0.47 wt/wt % of total CL versus Plaat1-/-, 2.86  0.17 wt/wt % of total CL, 

P=0.0002),  and female (Wt, 6.11  0.48 wt/wt % of total CL versus Plaat1-/-, 2.99  0.20 wt/wt % 

of total CL, P=0.0003) Plaat1-/- mice (Fig.17B, D and 21A, B). Within this class, the most 

significant difference in the relative proportion of any single fatty acyl species was an 82% lower 

level of DHA in both male  (Wt, 3.89  0.44 wt/wt % of total CL versus Plaat1-/-, 0.68  0.09 

wt/wt % of total CL P<0.0001) and female Plaat1-/- mice (Wt, 4.43  0.47 wt/wt % of total CL 

versus Plaat1-/-, 0.80  0.14 wt/wt % of total CL P<0.0001) (Fig. 21A, B). Only one N-3 species 

displayed higher relative content, and this was alpha-linolenic acid, where a near 2 – fold higher 
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proportional content was seen in the gastrocnemius CL analyzed from both male and female Plaat1-/- 

mice (Fig. 21A, B).  

Both HUFA and PUFA species were relatively less abundant in CL isolated from 

gastrocnemius muscles from both male and female Plaat1-/- mice, due to the relatively lower levels 

of total N-6 and N-3 contents. We observe 35% less PUFA species in male Plaat1-/- mice (Wt, 

56.63  1.43 wt/wt % of total CL versus Plaat1-/-, 36.66  1.83 wt/wt % of total CL P<0.0001), and  

33% less in female Plaat1-/- mice (Wt, 56.47  1.58 wt/wt % of total CL versus Plaat1-/-, 37.67  

0.60 wt/wt % of total CL P<0.0001) (Fig. 17B, D). HUFA are more drastically different in Plaat1-/- 

mice, since these highly unsaturated species are 77.5% lower in proportional abundance in 

gastrocnemius CL isolated from male mice (Wt, 10.51  1.24 wt/wt % of total CL versus Plaat1-/-, 

2.37  0.24 wt/wt % of total CL P=0.0002), and 74.9% lower in female mice (Wt, 10.21  0.91 

wt/wt % of total CL versus Plaat1-/-, 2.56  0.37 wt/wt % of total CL P<0.0001) (Fig. 17B, D). 

 



 
 

66 

 
 

Figure 6: PLAAT1 deficiency alters total CL concentrations in various mouse tissues.  

Total CL concentrations in brain, heart and gastrocnemius tissues of Wt and Plaat1-/- male (A) 

and female (B) Data are means ± S.E.M; n = 4-5. *P < 0.05, **P < 0.01. 
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Figure 7: PLAAT1 deficiency alters the concentration of CL in brain and relative 

proportional abundance of major classes of fatty acyls in isolated CL.  

CL was isolated from brain, and the fatty acyl content and composition were analyzed by gas 

chromatography in tissues taken from Wt and Plaat1-/- mice. The total mass of CL was quantified 

as micrograms of fatty acyl chains for male (B) and female (D) mice per gram of tissue analyzed. 

The relative proportional abundances of fatty acyl classes were analyzed as mass percentages for 

male (A) and female (C) mice. Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001.  
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Figure 8: PLAAT1 deficiency displays lowered relative proportional composition of specific 

SFA species in CL isolated from the brain.  

Relative mass percentages of different SFA species in isolated CL derived from brains of male 

(A) and female (B) Wt and Plaat1-/- mice. Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, 

****P < 0.0001.  
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Figure 9: PLAAT1 deficiency displays lowered relative proportional composition of specific 

MUFA species in CL isolated from the brain.  

Gas chromatography analysis of alterations in the relative mass percentage of MUFA species 

present in CL isolated from brain tissues derived from Wt and Plaat1-/- mice. Relative mass 

percentage of different MUFA species in isolated CL derived from brains of male (A) and 

female (B) Wt and Plaat1-/- mice.  Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001.  
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Figure 10: PLAAT1 deficiency alters relative proportional composition of specific N-6 

PUFA species in CL isolated from the brain.  

Relative mass percentages of different N-6 PUFA species in isolated CL derived from brains of 

male (A) and female (B) Wt and Plaat1-/- mice. Data are means ± S.E.M; n = 5. *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 11: PLAAT1 deficiency alters relative proportional composition of specific N-3 

PUFA species in CL isolated from the mouse brain.  

Relative mass percentages of N-3 PUFA species in isolated CL derived from brains of male (A) 

and female (B) Wt and Plaat1-/- mice.  Data are means ± S.E.M; n = 5. **P < 0.01.  
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Figure 12: PLAAT1 deficiency alters the concentration of CL in cardiac tissue and relative 

proportional abundance of major classes of fatty acyls in isolated CL. 

CL isolated from Wt and Plaat1-/- mouse hearts was analyzed by gas chromatographs for fatty 

acyl content and composition. The total mass of CL was quantified as micrograms of fatty acyl 

chains for male (A) and female (C) mice per gram of tissue. The relative proportional 

abundances of fatty acyl classes were analyzed as mass percentages for male (B) and female (D) 

mice. Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 13: PLAAT1 deficiency displays higher relative proportional composition of specific 

SFA species in CL isolated from the heart.  

Relative mass percentages of different SFA species in isolated CL derived from hearts of male 

(A) and female (B) Wt and Plaat1-/- mice.  Data are means ± S.E.M; n = 5.  **P < 0.01, 

***P < 0.001, ****P < 0.0001.  
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Figure 14: PLAAT1 deficiency alters relative proportional composition of specific MUFA 

species in CL isolated from the heart.  

Using gas chromatography, the fatty acyl species composition of mouse heart CL was analyzed, 

and the relative mass percentages of different MUFA species in this isolated heart CL from male 

(A) and female (B) Wt and Plaat1-/- mice were graphed. Data are means ± S.E.M; n = 5. 

**P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 15: PLAAT1 deficiency alters relative proportional composition of specific N-6 

PUFA species in CL isolated from the heart.  

Relative mass percentages of different N-6 PUFA species in CL isolated from hearts of male (A) 

and female (B) Wt and Plaat1-/- mice.  Data are means ± S.E.M; n = 5. **P < 0.01, ***P < 0.001, 

****P < 0.0001.  

 



 
 

76 

 
 

Figure 16: PLAAT1 deficiency alters relative proportional composition of specific N-3 

PUFA species in CL isolated from the heart.  

Relative mass percentages of N-3 PUFA species as a proportion of total CL fatty acyl species in 

CL isolated from hearts of male (A) and female (B) Wt and Plaat1-/- mice. Data are 

means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 17: PLAAT1 deficiency alters the concentration of CL in gastrocnemius muscle and 

relative proportional abundance of major classes of fatty acyls in CL isolated from this 

tissue. 

CL isolated from Wt and Plaat1-/- mouse gastrocnemius muscle was analyzed by gas 

chromatographs for fatty acyl content and composition. The total mass of CL was quantified as 

micrograms of fatty acyl chains for male (A) and female (C) mice per gram of tissue. The 

relative proportional abundances of fatty acyl classes were analyzed as mass percentages for 

male (B) and female (D) mice. Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001.  
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Figure 18: PLAAT1 deficiency displays lowered relative proportional composition of 

specific SFA species in CL isolated from gastrocnemius muscle.  

Shown are relative mass percentages of SFA species as a proportion of total CL fatty acyl 

species in CL isolated from gastrocnemius muscles of male (A) and female (B) Wt and Plaat1-/- 

mice. Data are means ± S.E.M; n = 5. **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 19: PLAAT1 deficiency alters relative proportional composition of specific MUFA 

species in CL isolated from gastrocnemius muscle. 

Shown are relative mass percentages of MUFA species as a proportion of total CL fatty acyl 

species in CL isolated from gastrocnemius muscles of male (A) and female (B) Wt and Plaat1-/- 

mice. Data are means ± S.E.M; n = 5. **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 20: PLAAT1 deficiency alters relative proportional composition of specific N-6 

PUFA species in CL isolated from gastrocnemius muscle. 

Shown are relative mass percentages of N-6 PUFA species as a proportion of total CL fatty acyl 

species in CL isolated from gastrocnemius muscles of male (A) and female (B) Wt and Plaat1-/- 

mice. Data are means ± S.E.M; n = 5. **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Figure 21: PLAAT1 deficiency alters relative proportional composition of specific N-3 

PUFA species in CL isolated from gastrocnemius muscle. 

Shown are relative mass percentages of N-3 PUFA species as a proportion of total CL fatty acyl 

species in CL isolated from gastrocnemius muscles of male (A) and female (B) Wt and Plaat1-/- 

mice. Data are means ± S.E.M; n = 5. **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Discussion 

 

The major objectives of this study were to compare the total concentration of CL in brain, 

heart and gastrocnemius muscle of Plaat1-/- mice in to Wt controls, as well as to compare the CL 

fatty acyl profiles of those tissues between genotypes in sex-matched mice. To do this, I 

extracted total lipids from the brain, heart, and gastrocnemius muscle of Wt and Plaat1-/- mice, 

and then isolated CL using TLC for further analysis through GC. GC analysis provided measures 

of the total mass of individual fatty acyl species contained in isolated CL, which allowed for a 

sub-analysis of the relative mass percent of individual species, in order to compare the 

concentrations of total CL and CL major class and fatty acyl species in tissues, as well as the 

relative proportional enrichment of individual fatty acyl species within a given mass of CL. This 

study has demonstrated a cogent case for a role for PLAAT1 in CL remodelling, in at least these 

three different tissues.  

The findings of this study reveal intriguing variations in the amount and composition of 

CL in male and female Plaat1-/- mice across different tissues, with the most pronounced changes 

observed in heart. This tissue exhibited striking differences between Wt and Plaat1-/- mice, with 

95% and 82% lower total CL concentrations measured in male and female mice, respectively. 

Significantly lower relative proportions of SFA, MUFA, and N-6 PUFA contributed to this 

decrease. One of the most noteworthy aspects of these results is the dramatic 83% and 87% 

lower relative amount of linoleate in the hearts of male and female Plaat1-/- mice. TLCL, as a 

predominant CL species, is typically the most abundant species in the heart (1, 176, 177). 

However, the observed deficiency of PLAAT1 was correlated with a significantly lower relative 

amount of the acyl species that comprises TLCL, where it constitutes less than 7% of total CL 

fatty acyl species by mass percentage in both sexes. This was in turn correlated with an elevated 
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proportion of AA and DHA, by approximately 18-20-fold and 14-fold, respectively. This shift is 

functionally important because it renders the CL more susceptible to ROS and other apoptotic 

stimuli, which can have negative effects on tissue health (14, 51). The effect is strongly 

reminiscent of the effects resulting from increased CL remodeling by the ALCAT1 enzyme, 

which results in decreased TLCL and increased AA and DHA (17). Given that both ALCAT1 

and PLAAT1 share localization to the endoplasmic reticulum (ER) and mitochondria-associated 

membranes (MAM) (165), there may be underlying connections between these proteins. The 

resemblance between the observed effects due to PLAAT1 deficiency and the characteristic 

features of ALCAT1 remodeling suggests a potential interplay between these two enzymes. The 

results may suggest a novel role for PLAAT1 in inhibiting the expression of ALCAT1 in heart 

tissue, which may be lost when PLAAT1 is deficient. Alternately, ALCAT1 activity may 

undergo a compensatory increase with PLAAT1 activity loss.  

In brain tissue of Plaat1-/- mice, the changes are particularly marked in omega-6 acylated 

CL species, predominantly driven by the increase in 18:2n-6 species, which surged by 196% and 

233% in male and female mice, respectively. This elevation drastically reshaped the relative 

composition of CL, diminishing the prevalence of previously dominant species such as 18:1 and 

18:0 acylated species and reducing the amounts of AA (20:4n-6) and DHA (22:6n-3), which in 

Wt mice are unique in their prevalence to brain tissue. This led to linoleate becoming the most 

predominant species, constituting 47% and 40% of total brain CL in male and female mice, 

respectively, a significant shift from previously making up less than 10%. This alteration might 

have profound implications for brain function and cellular integrity, but the exact effects remain 

to be fully elucidated. Overall, total CL concentration is higher in the brain tissue of Plaat1-/- 
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female mice, and though brain CL in the male mice also appears to be higher, these differences 

there do not reach significance.   

Analysis of gastrocnemius muscle reveals that this tissue had the highest relative 

difference between genotypes in total CL concentration, with 185% and 365% higher levels of 

total CL concentration in male and female Plaat1-/- mice, respectively. This elevation in total CL 

can be further broken into significantly higher quantities of the MUFA, SFA, and N-6 species, in 

order of abundance. In relative terms, the most significant changes are seen in the 18:1n-9 

species, where a near 2–fold higher mass percentage within isolated CL was observed in both 

sexes, and in the 18-2n:6 species, where relative content is 26-28% lower.  

The observation of varying CL species composition amongst the analyzed tissues of Wt 

mice, with an even more complex pattern in PLAAT1 deficient mice, raises intriguing questions 

regarding the underlying mechanisms that govern these differences. Notably, while the heart and 

gastrocnemius muscle typically demonstrate a certain similarity in CL composition, the 

alterations in Plaat1-/- mice trended more closely between the brain and gastrocnemius muscle. 

This apparent discrepancy highlights a more complex regulatory environment that may be 

influenced by tissue-specific factors.  
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Chapter 5: Thesis Study III - Gross Morphology and Survival 

Analysis of Plaat1-/- Mice 
 

 

Introduction and Study Rationale 
 

In Study 1 of this thesis, I demonstrated that PLAAT1 has PC:MLCL transacylase activity in 

vitro. In Study 2, I demonstrated that deficiency in this enzyme profoundly alters the CL 

composition of brain, heart, and skeletal muscle. Interestingly, loss of PLAAT1 did not uniformly 

decrease CL levels in all tissues tested, but rather resulted in significant increases in CL total 

content in brain and skeletal muscle. This indicates important complexity in the role of PLAAT1 

in CL regulation. Study 2 was designed to evaluate CL levels only, and from that work it is not 

possible to determine the source of the changes in CL levels. Although extensive further studies 

will be needed to investigate all of the potential contributors, and therefore fall outside of the scope 

of this thesis, potential sources of the variation can be postulated. For example, the decline in 

cardiac total CL levels in PLAAT1 deficient mice could indicate that this enzyme is directly 

involved in CL remodeling in this tissue, and that loss of this activity was not compensated by 

increased activity from other CL remodeling enzymes, while increased compensatory activity in 

brain and skeletal muscle could explain the elevated CL levels in those tissues. Alternatively, 

tissue-specific differences in the regulation of NAE species and levels by PLAAT1 could result in 

tissue-specific differences in CL metabolism when this enzyme is deleted. Regardless, the sizeable 

differences in tissue CL levels strongly suggest that phenotypic alterations would manifest in our 

Plaat1 -/- mice.  
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Objectives and Hypothesis: 
 

1. Objective: To determine if there are differences in growth patterns, tissue weights, and 

food intakes between Plaat1 -/- mice and Wt controls. 

Hypotheses: Plaat1 -/- mice will exhibit lower total body weights at all ages. The heart is 

expected to increase in weight due to cardiac hypertrophy, and skeletal muscles to decrease 

due to atrophy. Liver weight is also expected to decrease. Food intakes are expected to be 

decreased due to lower N- transacylase activity that may diminish the production of NAEs 

that are active in satiety regulation.  

2. Objective: To determine viability of male and female Plaat1 -/- mice by determining sex 

and genotypes of mice at birth. 

Hypotheses: Genotypic and phenotypic ratios of the Plaat1 -/- mice will follow the expected 

1:2:1 genotypic ratio and 3:1 phenotypic ratio. 

3. Objective: To compare survival and natural life span of Plaat1 -/- mice with Wt controls as 

well as perform a qualitative analysis observing causes of death in both groups.  

Hypotheses: Plaat1 -/- mice will display shorter life spans due to CL-related mitochondrial 

dysfunction in cardiac tissue.  
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Study Design: 
 

Animals:  

Plaat1−/− mice were generated as described in thesis study 2. The animals used for this 

study were male and female Plaat1-/- mice and Wt controls. Animal procedures were performed 

with the approval of the University of Waterloo Animal Care Committee (AUPP#43325, approved 

03 June 2021, renewed June 04, 2023) and comply with guidelines of the Canadian Council on 

Animal Care. Mice were ear notched at 4 weeks of age and genotyped to determine the total 

number of Plaat1−/− and Wt male and female mice. A growth curve was generated by measuring 

body weight from 4 until 20 weeks of age. At week 18 mice were single housed for acclimatization 

and from week 19-20, average food intake was measured daily over a 7-day period to determine 

average daily food intake. Food intake was then normalized to mouse body weight. At 20 weeks 

of age, this subset of mice was sacrificed, and organs and tissues from euthanized mice were 

excised, weighed, and snap-frozen in liquid nitrogen and stored at - 80°C. A second subset of mice 

chosen for the evaluation of longevity were not subjected to other physiological evaluations. These 

mice were permitted to live their natural lifespans either until spontaneous death occurred, or until 

humane endpoints pre-defined in our approved animal use protocols necessitated euthanasia. Age 

at death was recorded as their survival endpoint.  

Statistical Analysis  

Growth curve comparisons between Wt and Plaat1−/− were conducted using a repeated measures 

ANOVA to detect interactions between genotype and age as main factors. Tissue weight 

comparisons (normalized to bw) and average 24-hr food intake between Wt and Plaat1−/− mice 

were conducted using an unpaired Student’s t-test to determine differences between genotypes. 

The observed distribution of offspring genotypes produced from crosses of Plaat1−/+ females with 
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Plaat1−/+ males was compared to expected genotypic ratios by chi-square test. Survival of mice is 

depicted using Kaplan–Meier survival distributions, and significance was analyzed by the log-rank 

Mantel-Cox test. When a Plaat1−/− mouse reached the humane lifespan endpoint before a Wt 

control, a Wt control was also entered as censored data for survival analysis. 
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Results: 
 

PLAAT1 deficiency does not alter body weights but results in sex-specific differences in organ 

weights and food intakes 

 

Body weights of mice were measured weekly from 4-weeks of age until sacrifice at 20-

weeks of age. Differences in growth were not observed between sex-matched Wt and Plaat1−/− 

mice (Fig. 22A, B). At 20 weeks of age, these mice were euthanized and their organs and tissues were 

weighed. After normalizing to mouse bodyweight, we found that livers from male Plaat1−/− mice 

were 22.1% smaller (Wt, 0.0435 ± 0.0024 g/ g bw versus Plaat1−/−, 0.0339 ± 0.0013 g/ g bw, 

P=0.0039), kidneys were 15.2% smaller (Wt, 0.0118 ± 0.0007 g/ g bw versus Plaat1−/−, 0.0100 ± 

0.0006 g/ g bw, P=0.0259), hearts were 13.6% smaller (Wt, 0.0046 ± 0.0002 g/ g bw versus Plaat1−/−, 

0.0040 ± 0.0001 g/ g bw, P=0.0100), and soleus muscles were 27.6% smaller (Wt, 0.00063 ± 0.00006 

g/ g bw versus Plaat1−/−, 0.00045 ± 0.00003 g/ g bw, P=0.0191) (Fig. 23A). Differences between 

female Wt and Plaat1−/− mice were not observed, although differences in kidney (P=0.0793) and 

soleus (P=0.0762) size did approach statistical significance when comparing the two genotypes 

(Fig. 24B). 

 From 19 to 20 weeks of age, mice were single housed and food intake was recorded daily 

to calculate average 24-hr food intake over a 7-day period. Male Plaat1−/− mice had 14.8% lower 

total 24-hr food intakes (Wt, 3.188 ± 0.1296 g versus Plaat1−/−, 2.716 ± 0.0731 g, P=0.0131) (Fig. 

24A), and 17.5% lower 24-hr food intakes when values were expressed normalized to mouse 

bodyweights (Wt, 0.0989 ± 0.0065 g/ g bw versus Plaat1−/−, 0.0815 ± 0.0033 g/ g bw, P=0.0444) (Fig. 

24B). Age-matched female mice, on the other hand, did not display a difference between food intakes 

when genotypes were compared (Fig. 24C, D). 
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Proportions of offspring genotypes were not significantly different from the expected 1:2:1 

genotypic ratio and 3:1 phenotypic ratio.  

 

To produce Plaat1-/- mice, male and female Plaat1+/− mice were bred together. In total, 296 

mice were produced and genotyped (Table 2). In total, male and female Plaat1-/- mice, and male 

Plaat1+/− mice, made up 15.5%, 14.5% and 28.1%, of the offspring genotypes, respectively, all of 

which are larger proportions than the expected 1:2:1 genotypic ratio. Female Plaat1+/− mice, as 

well as male and female Wt mice, made up 19.9%, 11.5% and 10.5%, of the offspring genotypes, 

respectively, all of which are smaller proportions than the expected 1:2:1 genotypic ratio. 

However, Chi-squared analysis indicated that discrepancies from the expected genotypic ratios are 

not statistically significant (Table 2). When comparing to the 3:1 phenotypic, Plaat1+/− and Wt 

mice (possessing the dominant Wt trait) made up 39.5% and 30.4% of the male and female 

offspring genotypes, respectively (Table 3). On the other hand, Plaat1-/- mice (possessing the 

recessive Plaat1-/- trait) made up 15.6% and 14.5% of the male and female offspring genotypes, 

respectively (Table 3). Here, we find that the male mice, as well as female Plaat1-/- mice, 

constituted larger proportions than the expected 3:1 phenotypic ratio, while female Plaat1+/− and 

Wt were over 7% lower than their expected proportions (Table 3). The deviations in the phenotypic 

ratios approached but did not reach significant threshold (P=0.0586).  

 

 Plaat1-/- mice experienced premature mortality   

 

The subset of mice chosen for evaluation of longevity were not used in other experiments 

and lived until either spontaneous death occurred, or until they were euthanized at the end of their 

humane lifespan limits, as predetermined in our approved animal use protocols. When comparing 

survival between male Plaat1-/- and Wt mice, using Kaplan–Meier survival curves, log-rank test 
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analysis determined that the lifespan of male Plaat1-/- mice was significantly shorter (P=0.0455) 

(Fig. 4A). The median lifespan for male Plaat1-/- mice was 26 months, in contrast to their Wt 

counterparts that had a median lifespan of 32 months (Fig. 25A). Log-rank test analysis comparing 

survival of female Plaat1-/- and Wt mice did not find statistically significant differences in survival, 

despite approaching statistical significance (P=0.0522) (Fig. 25B). The median lifespan for female 

Plaat1-/- mice was 25.5 months, in contrast to their Wt counterparts that had a median lifespan of 

31.5 months (Fig. 25B).   

The humane lifespan limits of the mice were established by veterinarians in our animal 

care facility, who determined whether a specific disease or condition qualified the mouse for 

euthanasia. Among these conditions, dermatitis was cited as a rationale for euthanasia in 5 male 

Plaat1-/- mice (Table 4). Notably, this condition was observed almost exclusively in males and 

exclusively in Plaat1-/- mice, appearing just one other time in a female Plaat1-/- mouse (Table 4). 

Similarly, eye ulcers were uniquely present only in female Plaat1-/- mice (Table 4). In Wt mice, 

one male was euthanized due to the presence of a tumor, and one female was euthanized due to 

the presence of ascites. All other deaths in Wt mice were spontaneous, with mice found dead in 

their cages during daily monitoring.  
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Figure 22: Female and male body weights from 4 to 20 weeks of age. Male (A) and female (B) 

mice were weighed and plotted over time to observe growth patterns. Data are means  SEM. n=5.  
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Figure 23: Organ and tissue weights in male and female mice. Male (A) and female (B) organ 

and tissue weights were recorded at 20 weeks of age and are expressed relative to body weight 

(bw). Data are means  SEM. *P<0.05, **P < 0.01. n=6-8.  
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Figure 24: Daily measures of food intakes. Food intakes from male (A, B) and female (C, D) 

mice were recorded over a 7-day period. Measures within sexes were recorded as mean daily (24 

h) food intakes (A, C) or as food intakes normalized to body weights (B, D). Data are means  

SEM. *P<0.05. n=5. 
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Table 2. Ratio of genotypes at the time of weaning. 

 

Sex Genotype Expected Number of Mice Observed Number of Mice 

 

 

 

Male 

 

Wt 

 

37 (12.5%) 

 

34 (11.5%) 

 

Het 

 

74 (25%) 

 

83 (28.1%) 

 

Plaat1-/- 

 

37 (12.5%) 

 

 

46 (15.5%) 

 

 

 

Female 

 

Wt 

 

37 (12.5%) 

 

31 (10.5%) 

 

Het 

 

74 (25%) 

 

59 (19.9%) 

 

Plaat1-/-  

 

 

37 (12.5%) 

 

43 (14.5%) 

 

Genotypic ratio of offspring at weaning resulting from heterozygous (Plaat1-/+) male and female 

breeding. Total numbers of expected and observed mice are shown with expected and observed 

percentages indicated in parentheses. The expected number of mice was calculated according to 

the total number of mice sexed and was based on the expected 1:2:1 genotypic ratio.  
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Table 3. Phenotypic ratio at the time of weaning.  

 

Sex Genotype Expected Number of Mice Observed Number of Mice 

 

 

Male 

 

Wt & Het 

 

111 (37.5%) 

 

117 (39.5%) 

 

Plaat1-/- 

 

37 (12.5%) 

 

 

46 (15.6%) 

 

 

Female 

 

Wt & Het 

 

111 (37.5%) 

 

90 (30.4%) 

 

Plaat1-/-  

 

 

37 (12.5%) 

 

43 (14.5%) 

 

Phenotypic ratio of offspring at weaning resulting from heterozygous (Plaat1-/+) male and female 

breeding. Total numbers of expected and observed mice are shown with expected and observed 

percentages indicated in parentheses. The expected number of mice was calculated according to 

the total number of mice sexed and was based on the expected 3:1 phenotypic ratio.  

 

 

 

 

 



 
 

97 

 
 

Figure 25: Kaplan–Meier survival curves. Age at spontaneous death or ethically required 

euthanasia was recorded, from weaning until 32 months of age. Differences between genotypes 

were assessed by log-rank test for male (A), and female (B) mice. *P<0.05. n= 3-12.  

 

 

 

 

 

 



 
 

98 

Table 4: Cause of death for male and female Plaat1-/- and Wt mice  

 

 FD Tumor Eye ulcer Head tilt Dermatitis Ascites 

Male Wt 3 1 - - - - 

Male 

Plaat1-/- 

 

6 - - - 5 1 

Female Wt 2 - - - - 1 

Female 

Plaat1-/- 

 

3 1 4 1 1 - 

  

Cause of death or euthanasia was recorded for mice at the end of their humane lifespan limits. 
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Discussion: 
 

 This study aimed to characterize phenotypic differences caused by PLAAT1 deficiency, 

including differences in body, organ and tissue weights, food intakes, offspring genotype 

proportions, adult survival rates, differences in survival rates, and causes of death. This study 

found that PLAAT1 deficiency resulted in some notable morphological differences in male mice, 

while also highlighting that male and female Plaat1-/- mice may have a predisposition for certain 

diseases that limit longevity.  

 When considering bodyweight growth for a 16-week period, no differences were observed 

between Plaat1-/- or Wt mice for either sex. This is consistent with the findings of Rahman and 

colleagues, who found that male Plaat1-/- and Wt mice fed a standard diet displayed no differences 

in bodyweights between 0 and 12 weeks of age (155). However, we did find that male Plaat1-/- 

mice had smaller liver, kidney, heart, and soleus muscle masses. Rahman et al. similarly reported 

that skeletal muscle weights were lower in Plaat1-/- mice fed a standard diet, but they did not 

observe lower liver weights between genotypes until mice were challenged a high-fat diet. In that 

work the researchers reported that in liver, PLAAT1 acts primarily as a PLA1/2, resulting in 

increased levels of PC and decreased levels of LPC with Plaat1 gene deletion (155). The 

researchers concluded that PLAAT1 deficiency reduced hepatic lipid accumulation and given that 

LPC is a marker of non-alcoholic fatty liver they also concluded that PLAAT1 loss resulted in the 

induction of hepatocyte lipoapoptosis (155, 178, 179). The significant effect that PLAAT1 

deficiency had on the liver as reported in the paper by Rahman and colleagues is intriguing, given 

that our previous work has found that the mRNA expression of PLAAT1 is lowest in this tissue 

(37), and suggests that additional tissue-specific studies in Plaat1-/- mice are warranted.  
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The magnitude of reduction in weight of the soleus muscle from male Plaat1-/- mice is 

similar to the reduction seen in Taz-KO mice (163). Tomczewski and colleagues found that 

tafazzin total deficiency resulted in an approximate 25% decrease in soleus weight, similar to the 

27.6% decrease that we observed in male Plaat1-/- mice. We also found that male Plaat1-/- mice 

display 13.6% smaller hearts, contrary to my initial hypothesis that was predicated on a common 

trait of Taz-KO mouse models, which is that cardiomyopathy and cardiac fibrosis often lead to 

heart enlargement (162, 180). The reason for these reductions, will require further exploration, and 

future work should examine the microscopic morphology of these tissues using histopathological 

techniques. Furthermore, analysis of the function of tissue mitochondria, and additional molecular 

mechanisms examining the metabolic function and lipid composition of these tissues should be 

performed.  

Unlike Taz-KO mice (163), Plaat1-/- mice in this study had significantly lower 24-hr food 

intake when compared to their Wt counterparts, both as a total average measure, and after 

normalizing food intake to mouse bodyweight. A possible explanation for this could be related to 

PLAAT1’s function as a N- transacylase enzyme (39).  PLAAT1 deficiency could result in reduced 

NAPE and subsequently reduced NAE production and altered NAE profiles and signaling. AEA, 

an endocannabinoid and a well-studied NAE, has been shown to be an appetite stimulant (132, 

181), and thus a decrease in its production due to diminished N-transacylase activity could result 

in appetite suppression and reduced food intake. However, lower food intakes did not result in 

lower body weights. Thus, lower food intakes could reflect better metabolic efficiency, 

necessitating lower levels of food intakes, or could also reflect lower energy expenditures (also 

necessitating reduced food intakes). Animal activity levels are addressed in Chapter 6. 
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A 1:2:1 genotypic ratio and 3:1 phenotypic ratio are the relative fractions of genotypes and 

phenotypes, respectively, among offspring following as a result of mating two heterozygotes, 

where each parent possesses one dominant allele and one recessive allele (182). The genotypic and 

phenotypic ratios differ, because Mendel’s first law of inheritance, the of Law of Dominance, 

states that in a heterozygote, one trait will conceal the presence of another trait for the same 

characteristic, because when two different alleles for a particular trait present together, only the 

dominant allele expresses, by masking the expression of the recessive allele (182). The recessive 

allele in this case being deletion of Exon 3 that produces Plaat1 knockout. The phenotype in 

question in our case would be the successful embryogenesis, birth, and survival until weaning at 

4-weeks of age, the age at which the mice are genotyped. C57BL mice have a reported 1:1 sex 

ratio, indicating an absence of selective mortality in embryos of either sex during embryogenesis 

(183). Additionally, no prior research has indicated a role of CL, PLAAT1, or NAE’s in altering 

the 1:1 sex chromosome ratio in ejaculated spermatozoa. Furthermore, only one other study, along 

with this thesis, has generated Plaat1 knockout mice, which did not report deviations from the 

expected 1:2:1 genotypic ratio or 3:1 phenotypic ratio when using this model. Due to these reasons, 

I had initially hypothesized that the offspring genotype proportions would not deviate from the 

expected 1:2:1 genotypic ratio or 3:1 phenotypic ratio. Our results supported this hypothesis, as 

the deviations from the expected genotypic ratios observed in the offspring were not reported to 

be different when using Chi-squared analysis. This is in line with the work of Rahman et al, that 

also reported Plaat1-/- mice being born with the expected genotypic frequency (155). In regard to 

deviations from the expected phenotypic ratios, the differences found were on the cusp of statistical 

significance, suggesting that this analysis was underpowered and that a difference would be 

present with a larger sample size.  
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Kaplan–Meier survival curves until 32 months were generated for a subset of mice living 

until their humane survival endpoints within that period. It was found that within this subset, 

male and female Plaat1-/- mice had 6- and 5-month shorter median lifespan, respectively, when 

compared to Wt controls. Survival between the male mice was found to be significantly different 

between genotypes, while differences in survival between female mice bordered on statistical 

significance. Analysis of leading causes of death or prescribed euthanasia for both male and 

female Plaat1-/- mice resulted in interesting initial findings. For male Plaat1-/- mice, dermatitis 

was the most frequent cause for euthanasia, while for female Plaat1-/- mice, eye ulcers were the 

primary cause, with only one female mouse experiencing dermatitis, both of which indicating a 

dysfunction of the immune response. As discussed in Chapter 2, oxidized CL serves a critical 

role in immune responses as well as autophagy (54), such as the activation of  toll-like receptor 4 

(TLR4) during sepsis, promoting an inflammatory response to the bacterial infection (55). Thus 

an impaired autophagic process due to changes in CL content in Plaat1-/- mice could be 

correlated with the observed disease conditions.  

A common theme among these findings is the almost exclusively male specific outcomes 

when characterizing the impact of PLAAT1 deficiency in younger adult mice. Organ weights, food 

intake, and survival were all found to be statistically significantly different when comparing male 

Wt and Plaat1-/- mice, while this was not the case for the female mice. In the case of survival, 

female Plaat1-/- mice also exhibited earlier mortality by similar margins, suggesting that the loss 

of PLAAT1 can still present changes in female mice in time to affect longevity. Some other 

characteristics, such as reductions in kidney and soleus weight, did approach statistical 

significance for female Plaat1-/- mice, suggesting that experiments may have been underpowered 

and that a larger sample size should be examined. 
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Chapter 6: Thesis Study IV - Phenotypic Characterization of  

Plaat1-/- Mice 
 

Introduction and study rationale:  
 

Ablation of the Taz gene in mice is well studied and has been shown to result in profound 

alterations in phenotype. For instance, a recent publication by our research group reported that 

Taz-KO mice weigh almost 30% less than their Wt littermates at 3 months of age, and can run 

only half as far before exhausting (163). A TAZKD mouse model has also demonstrated 

diminished exercise capacity, associated with impaired oxygen consumption (160). Therefore, it 

is likely that mice with alterations in other genes affecting CL remodeling would also have 

altered phenotypic characteristics and responses to exertion.  

Study 1 of this thesis demonstrates that PLAAT1 functions directly in CL remodeling, 

while study 2 displayed stark changes in both total CL content as well as compositional changes 

within CL in the brain, heart, skeletal muscle tissues derived from Plaat1-/- mice. Finally, in 

study 3 we found that PLAAT1 deficiency is correlated with reduced weight of the liver, heart, 

kidney and soleus muscle, decreased food intake, a well as lower survival rates when compared 

to Wt mice. Thus, loss of PLAAT1 is expected to directly affect physiological functions related 

to mitochondrial activity and energy metabolism. Additionally, since PLAAT1 has an 

established impact on NAE synthesis, there is reason to believe that Plaat1 gene ablation could 

also alter metabolic and behavioral outcomes by modulating levels of these bioactive signaling 

molecules. There are too many possible alterations to comprehensively review in this work, but 

some examples related specifically to exercise and metabolism include: i) Alterations in AEA 

levels can affect anxiety in mice (184) and may influence pain control within the central nervous 

system by activating CB1 cannabinoid receptors, which could alter perceived exertion levels in 

exercise (185); ii) AEA also displays vasodilatory effects through the endothelial CB1 receptor, 
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and could impact blood flow to muscles, thereby affecting exercise performance (186); iii) Like 

AEA, OEA is involved in pain sensation, and alterations in its synthesis could modify pain 

perception during and after exercise, affecting the ability to perform strenuous activities and 

recover from intense physical exertion (187); iv) Decreased AEA and OEA levels in mouse 

hippocampus have been associated with increased anxiety-like behaviours, which can affect 

behavioural and metabolic measures both during exercise and at rest (188); v) PEA is recognized 

for anti-inflammatory effects, acting through the peroxisome proliferator-activated receptor alpha 

(PPAR-α) (189), and therefore could influence inflammatory responses to exercise and 

subsequent recovery times and muscle repair.  

Considering the multifaceted connections between PLAAT1, CL, NAEs, and various 

physiological functions, there is a clear rationale for exploring effects of PLAAT1 deficiency in 

an animal model. I therefore conducted an initial phenotypic characterization of male and female 

Plaat1 deficiency in mice, including measures of behavior, metabolism, and exercise capacity.  
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Objectives and Hypothesis: 
 

1. Objective 1: To determine if Plaat1-/- mice have alterations in metabolic measures 

relative to Wt controls, including oxygen utilization, carbon dioxide production, RER, 

and energy expenditure.  

Hypotheses: Plaat1-/- mice are predicted to have increased oxygen consumption rates and 

carbon dioxide production, with an elevated RER indicating greater dependence on 

glycolysis. Increased total energy expenditure is also predicted due to an expected 

increased dissipation of the proton gradient due to altered CL content.  

2. Objective 2: To determine if Plaat1-/- mice exhibit altered locomotor and ambulatory 

activity, and rearing behaviour. 

Hypotheses: Changes in N-acylethanolamide synthesis in the brains of Plaat1-/- mice 

could affect behaviour, which is expected to manifest as increased anxiety-like behaviour 

and culminate as increased rearing activity. Aberrant CL remodelling is expected to 

influence energy metabolism resulting in decreased voluntary locomotor and ambulatory 

movements.  

3. Objective 3: To determine if Plaat1-/- mice exhibit altered exercise capacity as well as 

exercise recovery when compared to Wt controls.  

Hypotheses: Impairments in mitochondrial function due to altered CL remodelling are 

expected to impair exercise tolerance, leading to reduced exercise capacity in Plaat1-/- 

mice. Furthermore, Plaat1-/- mice are also expected to exhibit poorer recovery, resulting 

in a greater reduction in distance and maximum speed from the first to the second 

exercise capacity test.  
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Study Design  

Animals:  

Male and female Plaat1-/- mice and their Wt controls were studied. At 8 – weeks of age, 

mice underwent assessment by indirect calorimetry, and at 12 – weeks of age performed the 

exercise capacity and exercise recovery test. Animal procedures were performed with the 

approval of the University of Waterloo Animal Care Committee (AUPP#43325, approved 03 

June 2021, renewed June 04, 2023) and comply with guidelines of the Canadian Council on 

Animal Care. 

Indirect Calorimetry: 

 

The mice were subjected to indirect calorimetry using the Comprehensive Laboratory 

Animal Monitoring System (CLAMS, Columbus Instruments, Columbus, OH, USA). Prior to 

undergoing CLAMS testing, the mice were housed individually in standard cages for a duration 

of 24 h. Subsequently, the mice were positioned in individual, clear, and sealed chambers, 

equipped with free access to standard chow and water. Air was supplied to the chambers at a rate 

of 0.5 L/min, and the environment was maintained at a room temperature of 22–23°C, following 

a 12:12-hour light/dark cycle (with lights on from 07:00 to 19:00 and off from 19:00 to 07:00). 

Before initiating the CLAMS testing session, the gas sensors were adjusted using a standard gas 

mixture, comprising 20.5% oxygen, 0.5% carbon dioxide, with the balance made up of nitrogen. 

Throughout the investigation, the consumption of oxygen (VO2; mL/Kg/h) and production of 

carbon dioxide (VCO2; mL/Kg/h) within each chamber were measured at intervals of 28 

minutes. Measure of VO2 represents the volume of oxygen used to convert energy substrate into 

ATP. RER is the ratio of VCO2 divided by VO2
 and can be used to estimate the fuel source for 
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energy production based on the difference in the number of oxygen molecules required for 

glucose versus fatty acids oxidation, where an RER of 0.7 indicates that fatty acids are the 

primary substrate, while an RER of 1.0 indicates that carbohydrates are the primary energy 

substrate. The total energy expenditure (TEE) was calculated using the Lusk equation ((3.815 + 

1.232 × RER) × VO2 (in liters)), with the TEE values adjusted according to total body weight 

(kg). In addition to these measures, the chambers were fitted with photobeams situated above the 

cage floor, designed to track the total locomotor activity through infrared beam breaks along 

three planes: x (locomotion), y (ambulation), and z (rearing). Activity was measured by 

calculating the sum of the X-axis movement counts associated with horizontal movement. The 

assessment of all these parameters (VO2, VCO2, RER, TEE, and total activity) was carried out 

over a span of 26 hours, where the initial 2-hour period was allocated to allow the mice to adapt 

to the new equipment, and the data collected during this acclimatization phase were excluded 

from the 24-hour analyses. 

 

Treadmill Exercise Capacity and Exercise Recovery Test:  

 

The exercise capacity of the mice was assessed through an incremental treadmill running 

test, adapted from a modified protocol previously used by our research group (163). Briefly, 

these sessions were conducted during the evening hours (17:00–21:00) in a darkened room 

illuminated by overhead red lighting. The testing utilized a five-lane motor-driven treadmill 

(Model LE8700, Panlab/Harvard Apparatus, Barcelona, Spain), set at a constant incline of 5◦. 

The first three days were designated as an acclimatization period for the mice to become 

accustomed to the equipment. On the first and second days, the mice were positioned on the 

stationary treadmill for a period of 5 min, followed by a gradual introduction to running at 
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incremental speeds: 5 cm/s for 5 min, 10 cm/s for 2 min, and then 15 cm/s for a duration of 3 

min. On the third day, the mice were again placed on the static treadmill for 5 min, and then their 

training progressed with running speeds of 5 cm/s for 3 min, 10 cm/s for 2 min, 15 cm/s for 2 

min, and concluding with 20 cm/s for a 3-min interval. The fourth day was assigned as a rest 

day. The exercise capacity test was conducted on day 5. Mice were initially set on the stationary 

treadmill for 5 min, and then the exercise capacity evaluation commenced at a starting speed of 

10 cm/s. This speed was subsequently increased by 3 cm/s every 2 min, continuing up to a 

maximum speed of 70 cm/s. The mice were encouraged to run until the point of exhaustion, 

identified as an inability to continue running for a consecutive 5-second period. Metrics such as 

the total running time until reaching exhaustion, the maximum speed achieved, and the overall 

distance covered were documented. For the exercise recovery analysis, mice were rested for 1 h 

from their initial cessation of exercise before repeating the exercise capacity test.   

 

Statistical Analysis 

  Comparisons of VO2, VCO2, and TEE between Wt and Plaat1−/− mice were conducted 

using an unpaired Student’s t-test to determine differences between genotypes. Comparisons for 

the exercise exhaustion test was performed by 2-way ANOVA for an effect of genotype and an 

effect of distance and time travelled, as well as for maximum speed achieved. Following 

identification of significant effects, Bonferroni’s multiple comparisons tests were used to identify 

significant differences in means within genotypes for tests 1 and 2, and significant differences 

between genotypes for a specific test.  
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Results:  
 

Plaat1-/- mice display diminished oxygen consumption, carbon dioxide production, and energy 

expenditure.  

 

Indirect calorimetry was assessed in the CLAMS system, and metabolic values were 

analysed using mean values derived from the 28-min measuring intervals.  Male Plaat1-/- mice 

displayed reduced respiratory gas exchange when compared to Wt controls. When comparing 

oxygen consumption, male Plaat1-/- mice displayed a 23.5% reduction in oxygen consumption 

over the 24-hour testing period (Wt, 4659 ± 347.6 ml/ kg/ h versus Plaat1-/-, 3563 ± 304 ml/ kg/ 

hour, P=0.0390) (Fig. 26A, D). However, no significant difference was observed between groups 

during the light phase. Rather, the decreased VO2 consumption is specifically derived from the dark 

phase, where PLAAT1 deficient mice consumed 24% less oxygen over the 12-hour period (Wt, 5086 

± 362 ml/ kg/ hour versus Plaat1-/-, 3863 ± 316.2 ml/ kg/ hour, P=0.0291) (Fig. 26A, D). Similarly, a 

decrease in VCO2 production was also noted in the male Plaat1-/- mice, but this was in the 24-hour 

(Wt, 4491 ± 148.3 ml/ kg/ hour versus Plaat1-/-, 3239 ± 297.8 ml/ kg/ hour, P=0.0037) (Fig. 26B, E), 

light (Wt, 3949 ± 133.9 ml/ kg/ hour versus Plaat1-/-, 2927 ± 274.3 ml/ kg/ hour, P=0.0074) (Fig. 

26B, E), and dark phases (Wt, 5044 ± 188 ml/ kg/ hour versus Plaat1-/-, 3562 ± 325 ml/ kg/ hour, 

P=0.0027) (Fig. 26B, E), where decreases of 26.7%, 25.9%, and 29.4% were observed, respectively. 

RER was not different between PLAAT1 deficient and control mice, but TEE (calculated using 

gas exchange data collected in the metabolic chambers) was 23.6% lower in male Plaat1-/-, over 

the 24-hour period (Wt, 23.02 ± 1.72 kcal/ kg/ hour versus Plaat1-/-, 17.58 ± 1.52 kcal/ kg/ hour, 

P=0.0394) (Fig. 26C, F). Most of this reduction in TEE was derived from the 24.5% decrease in the 

dark phase (Wt, 25.31 ± 1.86 kcal/ kg/ hour versus Plaat1-/-, 19.12 ± 1.59 kcal/ kg/ hour, P=0.0299), 

given that a significant difference was not observed during the light phase (Fig. 26C, F).  



 
 

110 

Female Plaat1-/- mice displayed similarly clear phenotypic differences in their metabolic 

parameters. When comparing oxygen consumption, female Plaat1-/- mice displayed a 21.7% 

reduction in oxygen consumption over the 24-hour testing period (Wt, 4959 ± 275.3 ml/ kg/ h 

versus Plaat1-/-, 3862 ± 195.2 ml/ kg/ hour, P=0.0087) (Fig. 27A, D). However, unlike the male 

mice, the lower VO2 consumption is derived from both the light and dark phase, where female 

PLAAT1 deficient mice consumed 25.1% less oxygen during the light phase (Wt, 4671 ± 312.2 ml/ 

kg/ hour versus Plaat1-/-, 3500 ± 209.8 ml/ kg/ hour, P=0.0110), and 19% less oxygen during the 

dark phase (Wt, 5225 ± 250.4 ml/ kg/ hour versus Plaat1-/-, 4232 ± 183.9 ml/ kg/ hour, P=0.0096) 

(Fig. 27A, D).  

Carbon dioxide production was also lower in the female Plaat1-/- mice, and this was noted in the 

24-hour (Wt, 4359 ± 250.2 ml/ kg/ hour versus Plaat1-/-, 3459 ± 200.6 ml/ kg/ hour, P=0.0186) (Fig. 

27B, E), light (Wt, 4003 ± 246.3 ml/ kg/ hour versus Plaat1-/-, 3083 ± 193.9 ml/ kg/ hour, P=0.0150 

(Fig. 27B, E), and dark phases (Wt, 4686 ± 269.6 ml/ kg/ hour versus Plaat1-/-, 3830 ± 212 ml/ kg/ 

hour, P=0.0317) (Fig. 27B, E), where decreases of 20.6%, 23%, and 18.3 % were observed, 

respectively. Analogous to the male mice, differences in RER were not observed, but the female 

Plaat1-/- mice did display notably lower TEE, which was found to be 21.8% lower over the 24-

hour period (Wt, 24.29 ± 1.348 kcal/ kg/ hour versus Plaat1-/-, 18.99 ± 0.9796 kcal/ kg/ hour, 

P=0.0099) (Fig. 27C, F), 28% lower during the light phase (Wt, 22.80 ± 1.504 kcal/ kg/ hour versus 

Plaat1-/-, 16.42 ± 0.8954 kcal/ kg/ hour, P=0.0072) (Fig. 27C, F), and 18.8% lower over the dark 

phase (Wt, 25.7 ± 1.278 kcal/ kg/ hour versus Plaat1-/-, 20.87 ± 0.9480 kcal/ kg/ hour, P=0.0125) 

(Fig. 27C, F).  
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Male Plaat1-/- mice display decreased rearing activity.  

 

CLAMS analysis can also measure various forms of mouse activity, including ambulation 

movements, such as such as when a mouse traverses a chamber, total locomotion movements, 

such as grooming and feeding in addition to ambulation, and rearing movements, which includes 

inspective and exploratory behaviour. Female Plaat1-/- mice did not demonstrate differences in 

locomotor, ambulatory, or rearing activities when compared to their Wt counterparts (Fig. 29). 

Male Plaat1-/- mice, however, demonstrated 44.2 % lower total rearing activity over a 24 h 

period (Wt, 5057 ± 879.2 versus Plaat1-/-, 2823 ± 357.9 IR beam interruptions, P=0.0328) (Fig. 

28A), which included a 41.4% reduction during the light phase (Wt, 689.6 ± 85.3 IR beam 

interruptions versus Plaat1-/-, 403.7 ± 57.34 IR beam interruptions versus, P=0.0186) (Fig. 28C, F). 

It is worth noting that most of the reduced rearing activity displayed by male Plaat1-/- mice is 

derived from a reduction in the dark phase, which approached statistical significance (P=0.0597) 

(Fig. 28C, F). Rearing activity is an indication of inspective exploration of the mouse environment, 

and the reduction of this activity type in male Plaat1-/- mice suggests apathetic behaviour.  

 

Male Plaat1-/- mice have lower exercise endurance during an initial exercise bout, but less of a 

loss of capacity for recurrent exercise after a 1-hr rest period.  

 

Maximum exercise capacity was tested by having the mice run on a motorized treadmill 

until exhaustion, with the treadmill speed increasing at 2-minute intervals. For each test, the total 

distance travelled and time spent running were recorded, as well as the maximum speed 

achieved, which is a discrete variable when compared to the continuous measures of distance and 

time.  Here, male Plaat1-/- mice exhibited a significantly lower exercise capacity, running 15.3% 

less total distance when compared to Wt controls (Wt, 789 ± 80.2 m versus Plaat1-/-, 668.4 ± 21.4 

m, P=0.004) (Fig. 30A), for 6.9% less time  (Wt, 2233 ± 44.66 seconds versus Plaat1-/-, 2078 ± 
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39.62 seconds, P=0.0213 (Fig. 30B), and achieving an 8.4% lower maximum speed (Wt, 64 ± 0.95 

m/sec versus Plaat1-/-, 58.6 ± 1.12 m/sec, P=0.0061) (Fig. 30C). These results indicate a reduced 

capacity for exercise. Exercise tolerance did not differ significantly in the female Plaat1-/- mice.  

Following a 1 h rest period, mice were tested on the treadmill again to determine if there 

were any differences in the ability of mice to recover after total exhaustion. Male Wt mice 

traveled a 14.6% shorter distance in their second test compared to their first test (first test, 789 ± 80.2 

m versus second test, 673.8 ± 24.32 m, P=0.0002) (Fig. 30A). This decrease in performance for the 

Wt mice was also apparent in the 9.8% less time spent running (first test, 2233 ± 44.66 seconds 

versus second test, 2015 ± 45.07 seconds, P=0.0014) (Fig. 30B), as well as the 5.3% lower 

maximum speed achieved (first test, Wt, 64 ± 0.95 m/sec seconds versus second test, 60.6 ± 1.17 

m/sec, P=0.0312) (Fig. 30C). Conversely, while male Plaat1-/- mice at their second test still ran a 

shorter distance, for less time, and achieved a lower maximum speed than Wt mice did during 

their first test, the performance measures of the male Plaat1-/- mice at their first and second tests 

were not different, indicating no loss of exercise capacity with repeat testing in this paradigm 

(Fig. 30). 

When comparing between the first and second exercise capacity tests, on average the male Wt 

mice travelled 113 m less, while the Plaat1-/- mice travelled 28.2 m more during their second 

bout (Wt, -113 ± 20.69 m versus Plaat1-/-, 28.2 ± 15.39 m, P=0.0006) (Fig. 30D). This trend was 

also observed for time spent running, where on average the male Wt mice ran for 172.7 seconds 

less, while the Plaat1-/- mice ran for 77.4 seconds more during their second bout (Wt, -172.7 ± 

38.8 seconds versus Plaat1-/-, 77.4 ± 28.2 seconds, P=0.0011) (Fig. 30E), as well as for the 

maximum speed achieved, (Wt, -3.4 ± 1.03 m/sec versus Plaat1-/-, 1.2 ± 1.53 m/sec, P=0.0372) (Fig. 

30F). 
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When comparing baseline tests, the differences observed in the male mice were not present 

between female Plaat1-/- and Wt mice. However, from the second tests after 1h of rest, we do see 

that female Wt mice traveled a 10.6% shorter distance compared to their first test (first test, 631 ± 

28.3 m versus second test, 563.8 ± 52 m, P=0.0228) (Fig. 31A), and like the male mice, female 

Plaat1-/- mice did not display a difference in distance travelled between their first and second 

tests (Fig. 31A). No differences were observed in the time spent running when comparing the first 

and second test for either genotype (Fig. 31B). In contrast to the male mice, the maximum speed 

achieved by the female Plaat1-/- mice was 3% lower during the second test (first test, Wt, 59.8 ± 

2.03 m/sec seconds versus second test, 58 ± 2.51 m/sec, P=0.0386), while a reduction in maximum 

speed achieved was not observed in female Wt mice (Fig. 30C). Overall, differences were not 

observed between female Plaat1-/- and Wt mice when comparing changes in their performance 

between test 1 and test 2 (Fig. 31D, E, F). 
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Figure 26: Respiration Measures in Male Mice Oxygen consumption and carbon dioxide 

production by male Plaat1-/- and Wt mice. Representative plot of whole-body VO2 (A), VCO2 

(B), and TEE (C) normalized to total body weight. Dark (denoted by shaded background) and 

light (denoted by unshaded background) cycles are shown. The bar graphs of the daily averages, 

in addition to averages by photoperiod, of VO2 (D), VCO2 (E), and TEE (F) are also shown. Data 

are means  SEM, n=6. *P<0.05, **P<0.01. 
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Figure 27: Respiration Measures in Female Mice Oxygen consumption and carbon dioxide 

production by female Plaat1-/- and Wt mice. . Representative plot of whole-body VO2 (A), VCO2 

(B), and TEE (C) normalized to total body weight. Dark (denoted by shaded background) and 

light (denoted by unshaded background) cycles are shown. The bar graphs of the daily averages, 

in addition to averages by photoperiod, of VO2 (D), VCO2 (E), and TEE (F) are also shown. Data 

are means  SEM, n=6. *P<0.05, **P<0.01. 
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Figure 28: Voluntary Activity Measures in Male mice Basal activity levels are compared 

between Plaat1-/- and Wt mice. Representative plot of sums of infrared beam breaks per 28 min 

interval caused by locomotion movements (A), ambulation movements (B), and rearing 

movements (C), over a period of 24 h. Dark (denoted by shaded background) and light (denoted 

by unshaded background) cycles are shown. The corresponding bar graphs of the total sum, in 

addition to sums per photoperiod, of beam breaks caused by locomotor activity (D), ambulatory 

activity (E), and rearing activity (F) are also shown. Data are means ± SEM (n = 5-6). * p < 0.05.  
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Figure 29: Voluntary activity measures in female mice. Basal activity levels are compared 

between Plaat1-/- and Wt mice. Representative plot of sums of infrared beam breaks per 28 min 

interval caused by locomotion movements (A), ambulation movements (B), and rearing 

movements (C), over a period of 24 h. Dark (denoted by shaded background) and light (denoted 

by unshaded background) cycles are shown. The corresponding bar graphs of the total sum, in 

addition to sums per photoperiod, of beam breaks caused by locomotor activity (D), ambulatory 

activity (E), and rearing activity (F) are also shown. Data are means ± SEM (n = 6).  
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Figure 30: Treadmill exercise capacity and recovery testing of male mice. Distance ran until 

exhaustion (A), time ran until exhaustion (B), and maximum speed reached at exhaustion (C), 

during both the first and second treadmill tests. The difference in distance ran (D), time ran (E), 

and maximum speed achieved (F), for Wt mice and Plaat1-/- mice between trial 1 and trial 2 

(after 1 h of rest) are also shown. Data are means  SEM, n=5. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 31: Treadmill exercise capacity and recovery testing of female mice. Distance ran 

until exhaustion (A), time ran until exhaustion (B), and maximum speed reached at exhaustion 

(C), during both the first and second treadmill tests. The difference in distance ran (D), time ran 

(E), and maximum speed achieved (F), for Wt mice and Plaat1-/- mice between trial 1 and trial 2 

(after 1 h of rest) are also shown. Data are means  SEM, n=4-5. *P<0.05.  
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Discussion 
 

The objectives of this study were to observe major phenotypic differences resulting from 

Plaat1-/- gene ablation, in the contexts of metabolic measures, altered behaviour, and exercise 

capacity. Metabolic and behavioural measures were quantified through CLAMS analysis, and 

exercise capacity and recovery were tested using a treadmill time-to-exhaustion test.  This study 

indicated that substantial phenotypic changes result from Plaat1-/- deficiency, with greater 

differences apparent within the male Plaat1-/- mice. 

Our findings indicate a pronounced phenotype associated with PLAAT1 deficiency, 

especially for male Plaat1-/- mice in some instances. When considering a 24-hour metabolic 

assessment, the CLAMS analysis demonstrated that female and male Plaat1-/- mice had lower 

oxygen intake levels and carbon dioxide production levels, accompanied by diminished energy 

usage compared to Wt controls. For male mice, these variations were mostly found in the dark 

phase, which is the active period for mice, which are nocturnal. An exception to this was seen in 

CO2 production, which was reduced in both light and dark phases for male Plaat1-/- mice. 

However, for the female mice these variations were derived from both the light and dark phase 

for all three aforementioned measures. This observed metabolic shift may be attributed, at least 

in part, to the behavioral alterations identified. The male Plaat1-/- mice displayed fewer rearing 

actions, pointing towards a likely reduction in explorative behaviour and heightened apathy  

(190, 191). 

When assessing the exercise capacity test, the male Plaat1-/- mice performed poorly when 

compared to Wt controls, achieving a lower total distance, time spent running, as well as 

maximum speed achieved. These results initially seemed straightforward, suggesting a possible 

decline in metabolic capability leading to earlier fatigue due to the absence of PLAAT1, which 
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could explain the reduced exploratory behavior as well. However, the repeated exercise test 

offered a contrasting narrative, since the male Plaat1-/- mice maintained their performance during 

the subsequent exhaustion test, and even managed to run further than they had during the first 

trial. These observations were surprising, and two possible mechanisms seem most likely.  

The first is that the absence of PLAAT1 mirrors the effect of other CL remodeling 

enzymes, and leads to compromised metabolic function, consequently affecting energy 

metabolism, and thus manifesting in the observed behavioral and exercise variations that were 

evident in our Plaat1-/- mice. The second, based on the recognized N-transacylase functions of 

PLAAT1, suggests that disruption in NAE production by loss of PLAAT1 activity may have 

contributed to the observed changes. For example, the deficiency in PLAAT1 might have 

reduced levels of AEA and OEA, affecting variables like pain perception or anxiety, which could 

influence motivation to explore the cage, and exertional limits in a forced exercise test. If 

PLAAT1 deficiency reduced PEA levels, this could potentially influence the recovery period 

post-exercise in a beneficial manner by reducing perceptions of muscle soreness after running, 

since PEA modulates inflammatory reactions through PPAR-α (137, 138). 

The individual NAEs that could be altered in Plaat1-/- mice would likely differ by cell 

type and tissue. Moreover, the various mechanisms that would be affected by dysfunctional NAE 

production are complex, and beyond the scope of investigation in the current work. Thus, no 

conclusions can be drawn regarding the potential role of altered NAE production in the 

metabolic and behaviour changes observed in Plaat1-/- mice at present. However, the alignment 

of these changes with known roles for certain NAE in metabolism and behaviour regulation 

offers an intriguing avenue for examination that could be a component of future efforts to better 
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understand the overall phenotype of the mice, and in particular, the unexpected recovery patterns 

in male Plaat1-/- mice.  

Another interesting aspect of our findings lies in the distinct sex-specific impacts. 

Significant variations that were noted between male Wt and Plaat1-/- mice were smaller or absent 

in female mice with similar sample sizes. For rearing behaviour and exercise capacity, 

differences were apparent in male mice that were not apparent in female mice, highlighting the 

smaller relative effects of PLAAT1 deficiency in female mice. Future work should delve deeper 

into these sex-specific disparities, both by increasing the sample sizes for comparisons in female 

mice, and by investigating additional physiological measures. 
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Chapter 7: Thesis Summary, Integrated Discussion, and Future 

Perspectives 
 

 

Summary of key findings  
 

Thesis Study I: Investigation and characterization of transacylase activity of PLAAT1 in 

cardiolipin remodeling using affinity-purified protein 

 

• Affinity purified PLAAT1 demonstrates in vitro PC:MLCL O-transacylase activity,  

catalyzing the dose-dependent transacylation of MLCL using distearoyl-PC and 

dioleoyl-PC.  

Thesis Study II: Characterization of Cardiolipin Content and Composition in PLAAT1-

Deficient Heart, Brain, and Skeletal Muscle 

 

• PLAAT1 deficiency results in higher total CL content in the female mouse brain and in 

both sexes changes the CL fatty acyl content to a less saturated composition, 

predominated by N-6 PUFA.  

• PLAAT1 deficiency in mouse heart tissue results in lower total CL contents and a shift 

in CL fatty acyl content to a more saturated composition with a lowered relative 

abundance of linoleoyl CL species.  

• PLAAT1 deficiency results in greater CL concentrations in the gastrocnemius muscle of 

both male and female mice, including higher relative composition by MUFA species and 

lower relative composition by N-6 PUFA species.  

Thesis Study III: Gross Morphology and Survival Analysis of Plaat1-/- Mice 

 

• PLAAT1 deficiency results in reduced food intake in male mice.  

• PLAAT1 deficiency results lower organ weights of the heart, liver, kidney and soleus 

muscle in male mice.  

• Plaat1-/- mice experienced premature mortality  

 

Thesis Study IV: Phenotypic Characterization of Plaat1-/- Mice 

 

• Plaat1-/- mice display lower oxygen consumption, carbon dioxide production, and 

energy expenditure.  

• Male Plaat1-/- mice display decreased rearing activity.  

• Male Plaat1-/- mice have lower exercise endurance during an initial exercise bout, but 

an increased capacity for recurrent exercise. 
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Integrated discussion and future perspectives 
 

 

 Prior to our findings published in (37)  and presented in Study 1 of this thesis, four 

enzymes had been identified in CL remodelling as functional in the re-acylation of MLCL or 

DLCL to CL. These enzymes are Tafazzin, ALCAT1, MLCL-AT1, and αTFP (21). In the first 

study of this thesis, I determined that affinity purified PLAAT1 has O-transacylase activity in 

vitro using PC as an acyl donor and MLCL as an acyl acceptor. This work identified PLAAT1 as 

the only other CL remodelling enzyme, alongside Tafazzin, to act as a PC:MLCL transacylase. 

However, it also identified a substrate specificity for PLAAT1 as an O-transacylase that is 

distinct from Tafazzin, with PLAAT1 preferring 18:0 and 18:1 fatty acyl chains from PC species, 

in contrast to the preference by Tafazzin for 18:2n-6 (21).  

While the findings from Study 1 demonstrate that PLAAT1 acts as a PC:MLCL O-

transacylase in vitro, the contributions of this enzyme to CL content and composition in vivo are 

likely to be multi-faceted, and should be considered also in the context of its additional known 

enzymatic functions. Prior research has shown that PLAAT1 also displays N-transacylase 

activity, demonstrating an ability to increase the in vivo synthesis of NAPE when over-expressed 

in cells (39). NAPE are the immediate precursors for the generation of NAE signaling molecules 

that can elicit a host of effects in various biological systems (118), and the rise in PLAAT1-

mediated NAPE that occurs in cells overexpressing this enzyme is, indeed, also associated with 

an increase in the cellular content of NAE (192).  

NAE are bioactive and are known to affect myriad systems including mitochondrial 

processes. However, few studies have examined the effect of NAE directly on CL synthesis or 

levels. Work in our laboratory examined whether OEA treatment of lymphoblasts deficient in 
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tafazzin can improve some aspects of mitochondrial biology, and found beneficial effects, but 

these were not associated with increasing cellular CL content in this cell line (193). In 2015, a 

study on rat decidual cells found that treatment with arachidonoylethanolamide (AEA, 

anandamide) decreased cellular CL levels (194). Regardless, NAE are potent bioactive signaling 

molecules in cells, with regulatory functions in lipid metabolism and mitochondrial biogenesis, 

and therefore modulation of these compounds is expected to indirectly influence CL synthesis 

and levels.   

NAE are agonists of several receptor proteins (195). Of particular relevance to the current 

work, OEA is a high-affinity ligand for PPARα, which has been shown to signal in phospholipid 

synthesis in murine tissues (196). For example, PPARα activation can induce the expression of 

LPAAT/AGPAT enzymes that catalyze the synthesis of PA in the Kennedy Pathway from which 

all complex lipids, including nascent CL, is produced (172). PPARα activation has also been 

shown to stimulate de novo CL biosynthesis via an increase in PGP synthase activity (173), 

catalyzing the conversing of CDP- DAG to PGP – the penultimate step for the synthesis of 

nascent CL (64).  

In addition to O- and N-transacylase activities, PLAAT1 has also been found to have 

PLA1/2 phospholipase activity, catalyzing the calcium-independent cleavage of fatty acids from 

the sn-1 or sn-2 position of phospholipids (19). It is notable that phospholipase-mediated 

hydrolysis of fatty acyl chains from CL, resulting in the production of MLCL or DLCL, is the 

first step in Land’s CL remodeling pathway (19). However, to the best of my knowledge, 

whether PLAAT1 has phospholipase activity with CL has not yet been studied. Thus, it is 

plausible that one or all of the catalytic functions of PLAAT1 may be involved in directly or 

indirectly regulating CL metabolism. When this complexity of activity is coupled with 
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differences in Plaat1 expression in tissues (37), as well as differences in PLAAT1 subcellular 

localization (i.e. to the E.R. and MAM (37)), it is likely that PLAAT1 may play different roles in 

CL metabolism that could vary between different tissues and cell types, and potentially even 

between different subcellular compartments within the same cell. It is expected that studies to 

elucidate these distinct roles and interactions will require extensive effort.  

To begin to examine the physiological role of PLAAT1, our research group generated 

Plaat1-/- mice. Using this model, I was able to characterize some phenotypic characteristics 

arising from PLAAT1 deficiency. In Study 2, my first aim with the Plaat1-/- mice was to analyze 

CL content and composition from the three tissues where PLAAT1 is most prevalent - the brain, 

heart, and skeletal muscle (37), making this the first study to quantify the CL content and 

composition of a PLAAT1 deficient organism. When compared to Wt controls, the content and 

composition of CL derived from Plaat1-/- tissues showed profound differences. For male Plaat1-

/- mice, total CL concentrations were 95% lower in the heart, but almost 3-fold higher in the 

gastrocnemius muscle. In the case of female Plaat1-/- mice, total CL concentrations were 154% 

higher in the brain,  82% lower in the heart, and almost 5-fold higher in the gastrocnemius 

muscle.  

The nature of the differences in CL composition also varied widely between these tissues. 

In Study 1, I discovered that PLAAT1 has substrate specificity for the 18:0 and 18:1 species in 

vitro. Thus, loss of PLAAT1 would be expected to reduce the content of these fatty acyl species 

in CL, if the primary CL-related function of this enzyme in a tissue is the direct O-transacylase-

mediated remodeling of this lipid. In PLAAT1-deficient cardiac tissue, the relative percentage of 

18:0 in CL was, however, 12-fold higher, strongly suggesting that changes in this lipid were 

related not to loss of the direct O-transacylase activity of PLAAT1 with CL, per se, but rather to 
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the loss of another aspect of its function. On the other hand, the relative percentage of 18:1n-9 

was 37% and 48% lower in cardiac tissues of Plaat1-/- males and females, respectively. This 

latter finding does align with the in vitro results of Study1, which indicate significant use of PC 

enriched with 18:1n-9 as a substrate.  

The compositional changes in the brain did better coincide with our Study 1 findings, 

where the relative percentage of 18:0 species in brain tissues of Plaat1-/- mice was found to be 

approximately 66% lower in both sexes, and 18:1n-9 was 36% and 22% lower in male and 

female mice, respectively, suggesting that this enzyme may contribute directly to CL 

compositional remodeling in this organ system. In contrast to the profiles observed in either 

cardiac or brain tissue, CL isolated from gastrocnemius tissue deficient in PLAAT1 activity  had 

92% and 81% higher  levels of 18:1n-9 in males and females respectively, but 60% lower 18:0 

content in both sexes.  

It is clear from the substantial differences in CL content and composition observed 

between heart, brain and a skeletal muscle depot that the function of this enzyme is tissue-

dependant. As noted in the discussion in Chapter 4, the effect of PLAAT1 deficiency in cardiac 

tissue is highly reminiscent of the effects resulting from increased CL remodeling by the 

ALCAT1 enzyme, but the relationship between ALCAT1 and CL composition in the brain and 

skeletal muscle are not well understood, making this proposition only relevant to comparisons of 

CL changes in the heart.  

An intriguing aspect of these findings is the apparent gradation of change in total CL 

concentration between these tissues. PLAAT1 deficiency correlates with significantly lower total 

CL concentrations in the heart, moderately higher concentrations in the brain, and significantly 

higher concentrations in the gastrocnemius muscle. Coincidentally, the mRNA expression of 
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ALCAT1 is inversely correlated with this pattern, where within these tissues, it is most highly 

expressed in the heart, followed by the brain, and lowest in skeletal muscle (16). Whether the 

expression of Alcat1 or other CL remodeling enzymes are altered in Plaat1-deficient tissues was 

not tested directly in this thesis, and will be a part of future studies planned to begin to elucidate 

mechanisms underlying differences observed.  

 The significant differences in CL levels that were observed in multiple tissues suggested 

that Plaat1-/- mice would likely have phenotypic changes related to mitochondrial function. 

During preparation of this thesis, a paper was published reporting that PLAAT1 deficient mice 

are resistant to high fat diet (HFD)-induced weight gain, and have reduced liver weights and less 

hepatic lipid accumulation when subjected to this dietary challenge (155). This study however 

generated Plaat1-/- mice by deleting exon 2 of the Plaat1 gene in C57Bl/6N zygotes (155), while 

the mice I used were generated through deletion of exon 3 of the Plaat1 gene in C57Bl/6J 

zygotes. This study made some measures in skeletal muscle from male mice, but did not explore 

the consequences of PLAAT1 deficiency on brain or heart tissues, report effects of PLAAT1 on 

survival, examine female mice, or make any measures of CL (155). I examined growth patterns 

and food intake patterns, organ weights, and birth rates and survival rates post-sexing. Male 

Plaat1-/- mice had smaller liver, kidney, heart, and soleus muscle masses. Our findings regarding 

lower soleus mass were in line with that recent work by Rahman et al., where they also 

demonstrated that skeletal muscle masses were lower in Plaat1-/- mice, but our results regarding 

liver masses contrast theirs, as they did not observe a difference in Plaat1-/- mice when fed a 

standard diet, despite also weighing tissues at 20-weeks of age (155). These differences are 

possibly due to the different approaches we used to generate Plaat1-/- mice, though the reason 

behind this isn’t immediately apparent.  
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In Study 3 we also reported that male and female Plaat1-/- mice had 6- and 5-month shorter 

median lifespans when compared to Wt controls. Notably, the most frequently observed diseases 

that gave cause for euthanasia in Plaat1-/- mice, were dermatitis in male mice, and eye ulcers in 

female mice. This finding may have fascinating implications for understanding the relationship 

between PLAAT1 and autophagy. A recent study utilizing zebra fish found that PLAAT1 would 

translocate to damaged organelles in the lens of the eye immediately before organelle degradation, 

suggesting that it functions in autophagy (154). From the perspective of an impaired autophagy 

process, PLAAT1 deficiency could be causal to both the development of dermatitis and eye ulcers. 

The most common cause for eye ulcers are infections, and despite the role of macular autophagy 

in infection control not being well documented (197), it’s role in immunity is well documented. 

Autophagy affects the secretion of antimicrobial mediators, as wells as a host of other immune 

functions, such as enhancing phagosome formation, antigen presentation, and influencing T-cell 

homeostasis (198). In the case of dermatitis, it has been found during inflammatory skin diseases 

that a common function of inflammatory cytokines is the impairment of autophagy in 

keratinocytes, suggesting that impairment of this process is a contributing factor to the 

development of psoriasis and dermatitis (199). Furthermore, CL’s role in the autophagic process 

was previously explained, where externalized CL on the OMM has been shown to bind directly to 

LC3, a protein critical to autophagosome formation (10). A disruption in these processes due to 

PLAAT1 deficiency, whether directly involved in the autophagic process or being functionally 

prudent for CL’s appropriate functioning and subsequent contribution to autophagy, could 

culminate in a higher prevalence of eye ulcers and potentially also dermatitis.  

In Study 3 we determined that male Plaat1-/- mice have lower food intakes, despite not 

differing from Wt mice in terms of growth or body weight. Altered N-transacylase activity, 
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resulting in reduced AEA, an NAE that’s been shown to stimulate appetite, could potentially play 

a role (132). The effects of diminished AEA could also potentially help to explain results in Study 

4, where male  Plaat1-/- mice maintained their performance during a subsequent treadmill 

exhaustion test, and even managed to run further than in their first trial. Since AEA can modulate 

nociception, and has been suggested as an endogenous pain suppressor (133), it’s plausible that 

Plaat1-/- mice exhibited lower exercise capacity in test 1 due to decreased pain sensation rather 

than decreased cardiovascular capacity, although it is unclear why this would lead to a lack of 

decrease in performance at the second run.  

Male Plaat1-/- mice displayed fewer rearing actions, suggesting reduced explorative 

behaviour and heightened apathy (190, 191). FAAH is an important regulator of NAE since it has 

the capability to hydrolyse NAEs into their basic components (123, 124). FAAH-/- mice have 

higher exploratory rearing in the open field testing paradigm, and more rearing behavior in general 

when compared to WT controls, strongly suggesting that NAE levels are correlated with rearing 

behaviour in that model (200). Thus the decreased rearing observed in male Plaat1-/- mice could 

be connected to the loss of PLAAT1-mediated N-transacylase activity. This reduction in voluntary 

activity could also be a factor in metabolic shifts observed in both male and female Plaat1-/- mice, 

where O2 consumption, CO2 production, and energy expenditure are all lower than in Wt controls.  

It should be noted, however, that the lower carbon dioxide production exhibited by Plaat1-/- mice 

contrasts with the higher production exhibited by Taz-KO mice (163). 

Results from this thesis, including findings that CL levels were increased in two tissues but 

decreased in a third, indicates a complex role for PLAAT1 in cellular, tissue and whole body CL, 

mitochondrial and energy metabolism, as well as bioactive lipid signaling, that will be difficult to 

unravel. In many regards, however, this story is not unlike that of ALCAT1. Like PLAAT1, 
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ALCAT1 is located in the ER and MAM (82). ALCAT1 has been identified as an enzyme that is 

active in remodelling CL to a highly unsaturated form, rendering CL more sensitive to oxidation 

by ROS (14, 51). However, this enzyme is also responsible for the acylation of other 

glycerophospholipids, including PG, a precursor for CL synthesis, and 

bis(monoacylglycero)phosphate, a structural isomer of lyso-PG and a metabolic intermediate of 

CL (201). Furthermore, ALCAT1 is also active in remodeling phosphatidylinositol, and therefore 

is a regulator of the acyl profile of phosphoinositides that are potent signaling molecules in cells 

(202). While there will be challenges in unravelling the various biological functions of PLAAT1 

in vivo given the interrelated nature of these effects on metabolic and bioenergetic outcomes, as 

studies on ALCAT1 have provided, there is much that will be learned from these efforts. 

The findings of this thesis sometimes demonstrated different findings between male and 

female Plaat1-/- mice. Most notable were behavioural changes with PLAAT1 enzyme deficiency 

that were not manifest in the female mice. These included changes in rearing activity, as well as 

profound differences observed in our exercise capacity testing. Despite this, most of our tissue 

analyses, as well as our metabolic measures, were aligned between the sexes. In some instances, a 

lack of statistically significant differences in female compared to male mouse  measures may have 

been the result of underpowering, but other findings simply did not trend in the same way that the 

differences in the male mice did. Given the novelty of this mouse model, there currently isn’t 

enough information to unravel these observed sex differences, but these differences are a finding 

in their own right, giving reason for further research along these lines.  

Prior to my research on this enzyme, PLAAT1 had already been identified as an O-

transacylase, as well as a N-transacylase (39). Previous work by our research group identified a 

possible role for PLAAT1 in CL metabolism, and I aimed to further characterize this function. I 
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succeeded in demonstrating the ability of PLAAT1 to directly remodel CL in vitro and conducted 

studies using Plaat1-/- mice to help elucidate this enzyme’s physiological functions. I discovered 

novel characteristics derived from PLAAT1 deficiency through this model. However, the breadth 

of findings here did not determine whether PLAAT1 is directly or indirectly involved in CL 

synthesis and remodelling in this model, nor did it determine which enzymatic function is most 

likely to be involved in altering CL levels. Plausible avenues to explain PLAAT1’s role in 

modulating CL levels include indirect effects on the production of NAPE and subsequently NAEs, 

direct effects through its function as an O-transacylase on MLCL, and potentially also direct effects 

on CL through PLA1/2 activity.  

This thesis has limitations that also pose opportunities for future research. The 

experimental approach used in study 1 could not distinguish positional preference between the sn-

1 or sn-2 position for substrate selectivity. The PLAAT enzyme family has previously shown 

preference for using fatty acids at the sn-1 position on the glycerol backbone of PC (89, 105), thus 

leaving the possibility that reactions containing 1-palmitoyl-2-[14C]-linoleoyl phosphatidylcholine 

as an acyl-donor substrate failed to generate increased CL synthesis because of the stereochemical 

position of the radiolabeled linoleoyl residue in the sn-2 position, rather than because of the 

chemical nature of the fatty acyl chain, per se. Despite this, given that PLAAT1 does exhibit 

activity with other PC substrates with fatty acyl moieties esterified at the sn-2 position, the 

complete absence of transacylase activity recorded by PLAAT1 with 18:2n-6 in PC likely implies 

a lack of activity with this substrate. Further work will be needed to determine if either fatty acyl 

preference, positional preference, or both factors together result in the null activity observed.  

Along these same lines, the GC analysis used in Study 2 cannot determine the degree of 

CL acylation. A future direction that can compensate for this to quantify the total content of MLCL 
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and DLCL in these tissues. This would also shed light on where our observed changes are 

stemming from. An increase in total MLCL content would suggest dysfunctional CL remodelling, 

or another change within the Lands pathway following PLA1/2 activity (19). Alternately, a lack 

of changes in total MLCL content suggest disruptions in the Kennedy pathway, suggesting 

alterations in the de novo synthesis of CL. If the latter scenario is confirmed, further quantification 

of NAPE and NAE in these tissues would be invaluable, as this could suggest  changes incurred 

by altered activation of PPARα and other regulators of lipid enzyme transcription (64). 

Furthermore, given the extent of altered CL content and composition that we observed in Plaat1-

/- mice, it is pertinent to elucidate how these changes impact mitochondrial function. This could be 

approached through the use of high-resolution respirometry, for the purpose of characterizing 

mitochondrial quality, as well as the function of the electron transport chain (203).  

Another important limitation to the results of Study 2 that should be mentioned is the lack 

of a 2-step lipid separation process. This would first resolve neutral lipids away from phospholipids 

including CL, which remain at the origin, and then allow for those phospholipids to be scraped, 

recovered, and resolved on a second plate. In the work shown in this thesis, we opted to perform a 

single separation process, wherein total lipid extracts were spotted on a TLC plate, and the plate 

was resolved using a solvent mixture designed for phospholipid separation. In this process, 

phospholipid classes migrate according to polarity, while the neutral lipids, including free fatty 

acids and triacylglycerols, migrate with the solvent front. We used a cardiolipin standard to 

identify the appropriate band for scraping and analysis, and as expected CL ran near the top of the 

plate. It should be noted that this was close to the solvent front, which may have allowed for 

contamination by neutral lipids, which are quantitatively more abundant than CL in most, but not 

all tissues. The choice of a single-step separation was made in order to minimize losses of CL 
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during the 1st plate recovery and 2nd plate re-application and separation steps. However, given the 

risk for neutral lipid contamination in the scraped CL samples, it is important that this work is 

repeated, and confirmed with a 2-step lipid separation.  

When characterizing gross morphology, total weight of fat-depot and fat-free mass was not 

measured. Differences in these measures between Wt and Plaat1-/- mice would give further insight 

into to changes derived from differences in feeding and activity levels, as well as differences in 

organ weights, despite the lack of observed differences in total growth patterns.  

Finally, due to the novelty of Plaat1-/- mice, experiments and findings of studies 3 and 4 

are overarching for many physiological pathways, and lack the specificity required to appropriately 

define mechanisms for PLAAT1’s enzymatic functions. These studies were aimed to create 

direction for future phenotype analysis. For instance, the reduction in rearing activity through 

CLAMS analysis may give way for further experimentation using an elevated plus maze for 

assessing anxiety-like behaviour (204), and future studies should be directed towards these 

investigations. 
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Appendices 
 

Appendix A: 2-way ANOVA analysis for determining sex differences in total cardiolipin 

content.   
 

 
 

Appendix Figure 1: Total CL content is not different between male and female Wt and 

Plaat1-/-  Mice.  

Total CL concentrations in brain, heart and gastrocnemius tissues of Wt and Plaat1-/- male and 
female mice. Data are means ± S.E.M; n = 4-5. *P < 0.05, **P < 0.01. 
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Appendix B: 2-way ANOVA analysis for determining sex differences in brain cardiolipin 

composition.  
 

 

 
 

Appendix Figure 2: Male and female Plaat1-/-  mice display differences in total N-6 and 

PUFA composition.  

CL was isolated from brain, and the fatty acyl content and composition were analyzed by gas 

chromatography in tissues taken from Wt and Plaat1-/- mice. The relative proportional 

abundances of fatty acyl classes were analyzed as mass percentages for male and female mice. 

Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Appendix C: 2-way ANOVA analysis for determining sex differences in heart cardiolipin 

composition.  
 
 
 

 
 

Appendix Figure 3: Male and female Wt  mice display differences in total N-6 composition.  

CL was isolated from the heart, and the fatty acyl content and composition were analyzed by gas 

chromatography in tissues taken from Wt and Plaat1-/- mice. The relative proportional 

abundances of fatty acyl classes were analyzed as mass percentages for male and female mice. 

Data are means ± S.E.M; n = 5. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.  
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Appendix D: 2-way ANOVA analysis for determining sex differences in gastrocnemius 

cardiolipin composition.  
 

 

 

 

Appendix Figure 4: Gastrocnemius CL composition is not different between male and female 

Wt and Plaat1-/- Mice.  

CL was isolated from the heart, and the fatty acyl content and composition were analyzed by gas 

chromatography in tissues taken from Wt and Plaat1-/- mice. The relative proportional 

abundances of fatty acyl classes were analyzed as mass percentages for male and female mice. 

Data are means ± S.E.M; n = 5. ***P < 0.001, ****P < 0.0001.  

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

152 

Appendix E: Fatty acyl composition of CL isolated from brain tissues of Plaat1-/-and Wt 

mice.  
 

Fatty Acid Male Wt Male Plaat1-/- Female Wt Female Plaat1-/- 

Total SFA 30.67  0.89 17.21  0.76 **** 31.86  2.30 21.51  0.83 ** 

10:0 0.16  0.08 0.03  0.01 0.03  0.02 0.03  0.02 

12:0 0.09  0.04 0.02  0.02 0.03  0.02 0.05  0.02 

14:0 0.23  0.05 0.35  0.09 0.24  0.10 0.62  0.10 * 

15:0 0.23  0.06 0.06  0.03 * 0.12  0.07 0.13  0.05 

16:0 11.27  0.65 10.60  0.87 8.88  2.89 13.51  0.96 

17:0 0.40  0.10 0.17  0.04 0.29  0.10 0.18  0.01 

18:0 15.91  0.65 5.45  0.34 **** 18.05  0.91 6.48  0.60 **** 

20:0 1.05  0.12 0.37  0.02 ** 0.72  0.12 0.26  0.04 

22:0 0.64  0.15 0.17  0.07 * 0.39  0.08 0.20  0.04 

24:0 0.67  0.19 0.07  0.04 * 0.45  0.10 0.07  0.01 ** 

Total MUFA 29.94  0.62 20.01  0.68 **** 28.38  0.34 23.35  1.41** 

12:1 0.18  0.10 0.02  0.01 0.06  0.02 0.07  0.03 

14:1 0.13  0.04 0.02  0.01 * 0.09  0.06 0.09  0.01 

18:1n-7 5.15  0.16 3.84  0.24 ** 3.59  0.46 3.65  0.31 

18:1n-9 19.58  0.59 12.52  0.57 **** 21.07  0.71 16.38  1.05 

20:1n-9 1.53  0.10 1.28  0.19 1.37  0.19 0.78  0.09 * 

22:1n-9 0.86  0.11 0.39  0.17 0.47  0.08 0.29  0.08 

Total Omega-6 22.99  0.97 53.93  1.06 **** 22.43  0.79 45.90  2.19 **** 

18:2n-6 4.31  0.28 47.22  0.98 **** 8.5  1.73 40.09  1.76 **** 

18:3n-6 0.14  0.06 0.18  0.06 0.07  0.04 0.09  0.03 

20:2n-6 0.23  0.06 0.67  0.17 0.21  0.02 0.66  0.07 

20:3n-6 1.21  0.07 2.17  0.40 * 0.76  0.13 0.91  0.13 

20:4n-6 15.13  0.84 2.55  0.58 **** 11.18  2.14 2.95 0.43 ** 

22:2n-6 0.19  0.11 0.09  0.08 0.17  0.03 0.20  0.07 

22:4n-6 1.55  0.15 0.61  0.18 ** 1.31  0.11 0.55  0.13 ** 

22:5n-6 0.23  0.06 0.43  0.15 0.23  0.02 0.45  0.10 

Total Omega-3 9.54  0.44 6.87  0.64 7.07  1.35 5.09  0.55 

18:3n-3 0.38  0.13 0.96  0.04 ** 0.30  0.10 0.90  0.07 ** 

18:4n-3 0.19  0.06 0.15  0.09 0.08  0.09 0.09  0.04 

20:3n-3 0.22  0.08 0.11  0.06 0.04  0.03 0.13  0.06 

20:4n-3 0.39  0.24 0.05  0.03 0.10  0.09 0.06  0.02 

20:5n-3 0.26  0.07 0.15  0.12 0.08  0.05 0.06  0.02 

22:5n-3 0.50  0.13 1.02  0.28 0.14  0.05 0.60  0.12 ** 

22:6n-3 7.61  0.37 4.44  0.72 ** 6.6  1.40 3.3  0.36 

 
Data are means (wt/wt, %) ± S.E.M calculated by Student’s t-test within each sex; n = 5. 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, versus. 
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Appendix F: Fatty acyl composition of CL isolated from heart tissues of Plaat1-/-and Wt 

mice.  
 

Fatty Acid Male Wt Male Plaat1-/- Female Wt Female Plaat1-/- 

Total SFA 15.85  0.40 25.08  1.96 **** 17.94  0.19 37.11  3.23 *** 

10:0 0.01  0.00 0.02  0.01 0.00  0.00 0.10  0.05 

12:0 0.03  0.01 0.02  0.01 0.04  0.00 0.05  0.02 

14:0 0.77  0.02 0.31  0.07 *** 0.77  0.05 0.19  0.03 **** 

15:0 0.14  0.01 0.13  0.06 0.12  0.01 0.12  0.08 

16:0 14.57  0.48 10.19  2.49 15.30  0.13 11.68  1.75 

17:0 0.11  0.01 0.21  0.05 0.13  0.00 0.24  0.04 * 

18:0 1.36  0.19 16.99  1.33 **** 1.90  0.07 22.63  2.57 **** 

20:0 0.07  0.01 0.86  0.08 **** 0.11  0.01 0.90  0.13 *** 

22:0 0.06  0.02 0.49  0.03 **** 0.04  0.01 0.57  0.13 ** 

24:0 0.04  0.02 0.63  0.10 *** 0.03  0.01 0.62  0.15 ** 

Total MUFA 39.58  1.19 25.83  2.71 ** 45.14  1.48 26.46  1.78 **** 

12:1 0.02  0.01 0.08  0.03 0.02  0.01 0.03  0.02 

14:1 0.11  0.01 0.12  0.04 0.10  0.01 0.06  0.02 

18:1n-7 2.7  0.11 3.90  0.56 2.81  0.10 4.02  0.62 

18:1n-9 27.79  0.90 17.64  1.63 ** 35.28  1.34 18.22  1.40 **** 

20:1n-9 0.044  0.03 1.42  0.10 **** 0.45  0.03 1.51  0.21 *** 

22:1n-9 0.08  0.02 0.51  0.06 0.05  0.62 0.62  0.10 *** 

Total Omega-6 37.30  0.62 20.86  1.18 **** 31.11  1.19 19.72  1.62 *** 

18:2n-6 35.59  0.79 6.04  0.77 **** 29.73  1.19 3.95  0.38 **** 

18:3n-6 0.15   0.03 0.13  0.05 0.08  0.00 0.07  0.03 

20:2n-6 0.20  0.03 0.46  0.14 0.24  0.01 0.20  0.04 

20:3n-6 0.27  0.02 0.96  0.06 **** 0.20  0.02 0.85  0.12 *** 

20:4n-6 0.63  0.11 11.38  1.36 **** 0.63  0.03 12.86  1.44 **** 

22:2n-6 0.03  0.1 0.37  0.33 0.03  0.01 0.17  0.07 

22:4n-6 0.13  0.03 1.19  0.12 **** 0.11   0.01 1.44  0.13 **** 

22:5n-6 0.10  0.02 0.32  0.24 0.09  0.01 0.17  0.02 ** 

Total Omega-3 2.84  0.07 7.19  1.14 ** 2.38  0.08 7.06  0.98 ** 

18:3n-3 1.95  0.08 0.33  0.11 **** 1.61  0.09 0.14  0.01 **** 

18:4n-3 0.08  0.03 0.02  0.01 0.05  0.02 0.07  0.04 

20:3n-3 0.04  0.00 0.01  0.01 * 0.03  0.01 0.02  0.01 

20:4n-3 0.03  0.01 0.03  0.03 0.03  0.00 0.06  0.05 

20:5n-3 0.06  0.00 0.03  0.01 0.05  0.01 0.05  0.03 

22:5n-3 0.19  0.03 0.07  0.03 * 0.13  0.01 0.08  0.02 

22:6n-3 0.49  0.12 6.70  1.16 *** 0.49  0.05 6.63  1.01 *** 

 
Data are means (wt/wt, %) ± S.E.M calculated by Student’s t-test within each sex; n = 5. 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, versus. 
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Appendix G: Fatty acyl composition of CL isolated from gastrocnemius tissues of Plaat1-

/-and Wt mice.  
 

Fatty Acid Male Wt Male Plaat1-/- Female Wt Female Plaat1-/- 

Total SFA 17.26  0.44 18.03  0.41 19.61  0.80 19.29  0.67 

10:0 0.01  0.00 0.00  0.00 0.01  0.01 0.02  0.00 

12:0 0.01  0.01 0.03  0.02 0.01  0.01 0.04  0.01 

14:0 0.20  0.07 0.53  0.14 0.61  0.07 1.07  0.04 *** 

15:0 0.09  0.04 0.16  0.05 0.12  0.01 0.18  0.04 

16:0 10.58  0.61 15.37  0.29 *** 12.44  0.66 15.29  0.76 * 

17:0 0.19  0.03 0.17  0.04 0.18  0.01 0.16  0.04 

18:0 5.55  0.12 1.55  0.34 **** 5.71  0.31 2.26  0.47 *** 

20:0 0.29  0.04 0.15  0.06 0.27  0.04  0.18  0.06  

22:0 0.26  0.07 0.03  0.01 ** 0.17  0.02 0.02  0.01 *** 

24:0 0.10  0.05 0.02  0.01 0.08  0.02 0.07  0.02  

Total MUFA 21.42  1.01 42.37  1.81 **** 22.16  1.13  40.55  0.83 **** 

12:1 0.01  0.01 0.00  0.00 0.01  0.01  0.01  0.03  

14:1 0.03  0.02 0.14  0.05  0.04  0.01 0.22  0.07 *  

18:1n-7 3.40  0.18 2.99  0.23 15.98  0.98  28.95  0.76 **** 

18:1n-9 15.08  1.04 29.01  2.32 ** 3.30  0.12 2.82  0.13 *  

20:1n-9 1.09  0.12 0.47  0.03 *** 0.80  0.04 0.38  0.03 **** 

22:1n-9 0.35  0.07 0.12  0.03 0.23  0.02 0.18  0.09  

Total Omega-6 50.58  1.78 33.80  1.68 *** 50.31  1.30  34.64  0.47 **** 

18:2n-6 44.34  2.59 32.00  1.67 ** 44.38  0.89 32.79  0.35 **** 

18:3n-6 0.03  0.02 0.12  0.01 ** 0.03  0.01  0.08  0.03 

20:2n-6 0.70  0.02 0.26  0.03 **** 0.77  0.08  0.28  0.06 **  

20:3n-6 1.48  0.11 0.30  0.03 **** 1.05  0.11  0.28  0.07 *** 

20:4n-6 2.81  0.59 0.82  .09 ** 2.95  0.26 0.89  0.09 **** 

22:2n-6 0.09  0.08 0.01  0.01 0.06  0.02 0.03  0.01 

22:4n-6 0.65  0.09 0.16  0.03 *** 0.62  0.89  0.19  0.05 ** 

22:5n-6 0.49  0.10 0.14  0.03 0.45  0.09  0.11  0.04  

Total Omega-3 5.97  0.47 2.86  0.17 *** 6.11  0.48  2.99  0.20 *** 

18:3n-3 0.94  0.05 1.84  0.16 ** 1.00  0.03 1.90  0.08 **** 

18:4n-3 0.02  0.01 0.07  0.06  0.02  0.00  0.02  0.01 

20:3n-3 0.09  0.05 0.01  0.01  0.04  0.01 0.02  0.01 

20:4n-3 0.04  0.02 0.01  0.01  0.03  0.01 0.01  0.00  

20:5n-3  0.03  0.02 0.05  0.02 0.03  0.01  0.04  0.01 

22:5n-3 0.96 0.08  0.20  0.02 **** 0.56  0.07  0.20  0.06 ** 

22:6n-3 3.89  0.44 0.68  0.09 **** 4.43  0.47 0.80  0.14 **** 

 
Data are means (wt/wt, %) ± S.E.M calculated by Student’s t-test within each sex; n = 5. 

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, versus. 
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