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Aging is associated with immune dysfunction, characterized by reduced T-

lymphocyte proliferation ex vivo.  One potential mechanism for the reduced proliferation 

in aged T-lymphocytes is a decreased ratio of membrane glycerophospholipid to 

cholesterol.  Extracting membrane cholesterol does not completely restore T-lymphocyte 

proliferation, therefore, the goal of this project was to test the novel hypothesis that aged 

T-lymphocyte proliferative capacity may be reduced, in part, due to suppressed 

phosphatidic acid (PA) biosynthesis.  We show that stimulation and recombinant acyl-

CoA binding protein (ACBP) increase mitochondrial glycerol-3-phosphate 

acyltransferase (mtGPAT) activity in rat splenic T-lymphocytes and that this effect is 

blunted in aged T-lymphocytes.  Consequently, we wanted to determine the mechanism 

by which mtGPAT activity is regulated in young and old T-lymphocytes.   We show that 

aged T-lymphocyte mtGPAT activity is not increased by ex vivo stimulation or in vitro 

phosphorylation with casein kinase 2 (CK2) and protein kinase C theta (PKC θ) as is seen 

in young T-lymphocytes.  A second isoform of mtGPAT, mtGPAT2, has been identified, 

 v



however, its expression is undetectable in T-lymphocytes, suggesting that at least 

mtGPAT 1 is responsive to phosphorylation in vitro.  Other factors that might influence 

mtGPAT activity such as reduced mtGPAT protein levels, gene expression or alterations 

in the soluble acyl-CoA pool were not affected by age or stimulation indicating that 

posttranslational modification may be the primary mechanism by which mtGPAT activity 

is regulated in T-lymphocytes.  Because aging is associated with both reduced 

proliferation and reduced mtGPAT1 activity, we hypothesized that young mtGPAT1 

knockout mice would have altered glycerophospholipid levels and reduced proliferation 

ex vivo.  We show that mtGPAT1 knockout T-lymphocytes exhibit similar changes seen 

in aged T-lymphocytes including reduced splenic T-lymphocyte IL-2 secretion and 

subsequent proliferation, decreased ratio of membrane glycerophospholipid to 

cholesterol, changes in thymic development, and increased cell death following T-

lymphocyte activation.  Taken together, these data suggest a novel mechanism by which 

mtGPAT1 regulates young T-lymphocyte proliferation and indicate that mtGPAT1 may 

serve as a key target in the age-dependent decline in T-lymphocyte proliferation.   
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Chapter 1 

Review of Literature 

 

1.1 Overview 

 
 Aging is associated with dysregulation of the immune system.  A hallmark of the 

aging immune system is a decline in T-lymphocyte function (1)  (2) (3).  Aging results in 

decreased proliferation, altered cytokine production, reduced IL-2 (IL-2) secretion, and 

impaired intracellular signaling of T-lymphocytes (4) (5).  Aged T-lymphocytes are also 

characterized by a decrease in the membrane glycerophospholipid to cholesterol ratio.  

This observation lead to the development of “The Membrane Theory of Aging” (6) (7), 

which continues to be a prominently held theory among leading aging scientists.  

Attempts to reverse the age-associated alterations in membrane structure by decreasing 

the membrane cholesterol content is only partially successful (8) (9).  Additionally, 

reports show that by increasing the unsaturated fatty acid glycerophospholipid content ex 

vivo, T-lymphocyte proliferation in aging cells can be partially rescued (10) (11) (12).  

Therefore, restoring membrane glycerophospholipid levels to resemble a youthful 

phenotype may effectively reverse symptoms of age-related impairment of T cell 

function.  

 

 Phosphatidic acid (PA) functions as a precursor for the biosynthesis of both 

triglycerides and glycerophospholipids (13).  Therefore, it is important to understand the 

mechanism by which PA is generated and regulated.  PA biosynthesis occurs by 
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sequential acylation of glycerol 3 phosphate (G-3-P) to lysophosphatidic acid (L-PA) via 

glycerol 3 phosphate acyltransferase (GPAT) and then to PA via acylglycerolphosphate 

acyltransferase (AGPAT).  We have previously shown that liver mitochondrial GPAT  

(mtGPAT) activity is reduced in aged rats (14).  This observation sets a precedent for 

aging to have an impact on GPAT activity in other cell types like the T-lymphocyte.  Our 

initial goal is to characterize changes in PA biosynthesis in aged T-lymphocytes.  Then, 

we will determine the mechanism(s) responsible for any age-dependent changes in PA 

biosynthesis.  Finally, GPAT deficient mice will be used to establish a cause-effect 

relationship between GPAT activity and T-lymphocyte proliferation.   

 

 The overall goal of this project is to identify changes in PA biosynthesis in aging 

T-lymphocytes.  Gaining a better understanding of the molecular basis of 

glycerophospholipid biosynthesis in aging will advance our knowledge of the age-

associated dysfunction of the immune system.  Ultimately, these findings may have 

prophylactic and therapeutic implications for the prevention or slowing of the age-

associated decline in immune function.  Delaying or decreasing the severity of 

autoimmune disease and increasing vaccine efficacy would greatly improve the quality of 

life in the elderly.  
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1.2 Objectives 

 

The objectives of this project are: 

 

1)  To characterize changes in PA biosynthesis in aged T-lymphocytes 

 Hypothesis:  Aging alters mitochondrial GPAT activity in T-lymphocytes 

 

2)  To determine the mechanism(s) responsible for any age-dependent changes in PA 

 biosynthesis 

 Hypothesis:  Posttranslational modifications of mtGPAT regulate GPAT activity 

 in T-lymphocytes 

 

3)  To establish a cause-effect relationship between GPAT activity and T-lymphocyte 

 proliferation using mtGPAT-deficient mice 

 Hypothesis:  mtGPAT deficiency reduces T-lymphocyte function. 
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1.3 Background 

 

 The aging of the “baby boomers” will be a key factor in our healthcare system in 

the coming decades when the elderly will encompass a much larger segment of the 

population. According to the National Institute of Aging, in 1980, about 10% of the 

population (~300 million people) was 60 years of age or older. By 2030, this age group is 

expected to make up almost 25% of the U.S. population (~1 billion people).  Aging 

results in the dysregulation of immune function which leads to increased mortality and 

morbidity from infection, delay in recovery after illness, reduced responsiveness to 

vaccination, and a high incidence of malignancy (15) (16) (17).  As the first "baby 

boomers" reach age 60 in 2005, the need to better understand the immune system in 

aging is imminent.  If immune function could be improved in the elderly the impact on 

the individual’s quality of life, and on the nations health care costs, would be substantial. 

 

 Although there are some reports demonstrating reduced innate immunity (18), 

aging impacts the T-lymphocyte compartment most dramatically.  The first noticeable 

change in the immune system is thymic involution following puberty, and the loss of 

thymic tissue continues through the sixth decade of life (19).  The result is fewer 

circulating naïve T-lymphocytes and skewing of the T-lymphocyte repertoire toward a 

memory phenotype (5).  Defects in aging T-lymphocytes include decreased proliferation 

in response to antigen, altered cytokine production, reduced IL-2 secretion, and impaired 

signaling events both proximal and distal to the T-cell receptor (TCR) (4).  In the resting 
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state, expression of TCRs by aged T-lymphocytes has not been shown to be reduced 

when compared to young T-lymphocytes, therefore, age dependent decline in T-

lymphocyte function is thought to be primarily due to age-related defects in signal 

transduction (20).  Downstream of the TCR/CD3 complex, multiple signaling pathways 

show age-related changes including protein tyrosine kinases, protein kinase C (PKC), the 

calcium/calmodulin pathway, the Ras/MAPK pathway and the JAK/STAT pathway (8) 

(2) (21).  Since TCR expression is not altered but downstream signaling pathways are, 

this suggests that age-dependent changes are at the level of the membrane.  This is 

important because membrane glycerophospholipids serve as cofactors for signaling 

pathways and provide the appropriate structural microenvironment for receptor function.  

For example, glycerophospholipid metabolites serve as cofactors for signaling pathways 

such as Ras and PKC.  PA itself can directly modulate Ras/Erk/Mek signaling in T-

lymphocytes (22).   

 

 Dysfunctional intracellular signaling and subsequent loss of proliferative capacity 

may be due, in part, to a decrease in the membrane fluidity in aged T-lymphocytes (6).  

As membrane constituents, glycerophospholipids provide fluidity whereas cholesterol 

molecules are very stiff and provide structural rigidity to membranes.  Mass and 

subspecies composition of membrane glycerophospholipids are highly regulated and can 

have dramatic effects on membrane-bound proteins (23).  Aging results in an altered lipid 

composition of the plasma membrane marked by a dramatic decrease in the 

glycerophospholipid to cholesterol ratio in the membrane.  Modification of the membrane 
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microenvironment can have significant effects on the functionality and activity of 

transmembrane proteins embedded in the membrane as well as peripheral proteins that 

are only transiently associated with the membrane (24,25) (26,27).  In both cases, the 

intracellular signaling processes that emerge from the activation of these membrane-

associated proteins will likely be altered as well.  Scientists have attempted to reverse the 

age-associated alterations in membrane structure by decreasing the cholesterol content of 

the membrane, however it is only partially effective (8).  Cholesterol depletion by 

cyclodextrin treatment has been able to partially restore the proliferative response in 

lymphocytes from elderly individuals (9). These results indicate that decreasing the 

membrane cholesterol content alone is not sufficient to restore T-lymphocyte function in 

aging.  Although membrane cholesterol is important in the formation of lipid rafts, which 

are cholesterol and sphingomyelin rich membrane domains that anchor signaling proteins 

such as the TCR/CD3 complex, high levels of cholesterol can disturb cellular function.  

Restoring the internal structure of the lipid rafts, from which TCR signaling is initiated, 

could effectively restore symptoms of age-related impairment of T cell activation (28) 

(9).    

 

 There has been very little research done from the standpoint of phospholipid 

changes with aging, however evidence suggests that restoring glycerophospholipid 

content may be beneficial for improving cellular function.  Administration of a diet 

whose lipid component was supplemented with AL721, a 7:2:1 ratio of neutral lipid to 

phosphatidylcholine to phosphatidylethanolamine, which was specifically designed to 
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rectify rigid cell membranes was partially able to restore mitogen responsiveness in 

lymphocytes from aged participants (12).   Consequently, a major challenge is to 

determine the age-associated changes in glycerophospholipid synthesis in T-

lymphocytes.   

 

 PA functions as the common precursor for the biosynthesis of triglycerides and 

glycerophospholipids (13).  PA biosynthesis occurs by sequential acylation of G-3-P to 

L-PA via GPAT and then to PA via AGPAT.  The GPAT enzyme is considered to be the 

rate-limiting enzyme in PA biosynthesis.  GPAT exists in two known isoforms, a 

mitochondrial and a microsomal isoform.  Mitochondrial GPAT is an 85 kD protein that 

shows a preference for using saturated fatty acids as substrates, whereas microsomal 

GPAT shows no preference, acylating G-3-P with saturated and unsaturated fatty acids 

equally (29).  The majority of membrane glycerophospholipids contain a saturated fatty 

acid in the sn-1 position and an unsaturated fatty acid in the sn-2 position.   This 

observation, coupled with the fact that microsomal GPAT is much less abundant in cells, 

lead researchers to infer that in vivo mtGPAT acylates G-3-P to form L-PA and then L-

PA is transported to the microsome for its final acylation to PA via AGPAT (30).  See 

Diagram on next page. 
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Additionally, the enzymes necessary for the addition of the polar head group onto 

glycerophospholipids are located on the microsome making the microsome the optimal 

place for PA generation.  Similar to GPAT, AGPAT activity exists in both mitochondria 

and microsomes as well.  However in the liver, the mitochondrial AGPAT activity is 

relatively low and it is believed to primarily generate PA for use by the mitochondria.  

The microsomal isoform is considered to be the main isoform responsible for 

glycerophospholipid synthesis for the rest of the cell (29).   

 

 Our lab has previously shown that liver mtGPAT activity is reduced in aged rats 

in the presence of an acyl-CoA binding protein (14).   Acyl-CoA binding protein (ACBP) 

was named based on its ability to bind medium to long chain acyl-CoA esters (C14-C22) 

with relatively high affinity (Kd 1-10 nM) (31).  ACBP is specific for acyl-CoA esters 
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since it does not bind free fatty acids, fatty acid derivatives, or L-PA (32).  ACBP is a 10 

kD protein that is ubiquitously expressed, indicating that it may be physiologically 

relevant protein in glycerophospholipid biosynthesis (33) (34).  ACBP deficiency in yeast 

results in reduced growth and perturbed membrane assembly (35).  And, in mammalian 

cells ACBP is essential since knocking out ACBP is embryonically lethal (36).  ACBP 

has been shown to increase the solubility of acyl-CoAs, protect the cell from the acyl-

CoA’s detergent-like effects, and create a pool of long chain acyl-CoA available for 

metabolic reactions, in part, by inhibiting acyl-CoA hydrolases (37) (38) (39).  This 

makes acyl-CoAs readily available for reactions such as β-oxidation or lipid synthesis 

depending upon the energy and fatty acid levels in the cell (40) (41).  Recently, ACBP 

has been found to regulate cellular functions such as adipocyte differentiation and red 

blood cell glycerophospholipid remodeling (42,43).   Increased ACBP expression is 

associated with increased colonic cell proliferation (44) and increased PA biosynthesis 

(14) (45) (46) (37).   However, the exact role of ACBP in PA biosynthesis is currently not 

clear.   

 

 As ACBP appears to be an important mechanism by which PA biosynthesis is 

regulated, so does aging.  The observation that aging reduces GPAT activity in rat liver 

sets a precedent for age-induced changes in GPAT activity in other cell types, such as the 

T-lymphocyte. Objective 1 of this study is to characterize changes in PA biosynthetic 

enzymes  in aging T-lymphocytes. 
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 GPAT, the rate-limiting step in the synthesis of PA, is under nutritional, 

developmental, and hormonal control at the transcriptional level.  GPAT expression 

increases during adipocyte differentiation (47), pollen development in Arabidopsis (48), 

and feeding of a high-carbohydrate diet (49) (29).  GPAT expression is induced 2 to 4-

fold following glucose treatment and administration of insulin, whereas glucagon and 

dietary polyunsaturated fatty acids inhibit transcription (50).  The expression of GPAT is 

controlled at the transcriptional level by SREBP, Sp1, NF-Y, and insulin (50).  Because 

mtGPAT is located on the outer mitochondrial membrane and its catalytic subunit is on 

the side facing the cytosol, mtGPAT activity is also controlled at the post-translational 

level by a variety of cytosolic kinases.  Culture of a liver cell line with insulin or 

epidermal growth factor for 12 hours increases GPAT activity approximately 50% and 2-

fold, respectively (51).  Phosphorylation of mtGPAT in rat liver or muscle in vitro by 15-

30 minute treatment with AMP-activated kinase 1 or 2 inhibits GPAT activity by up to 

34% (52).   Additionally, amino acid analysis of the cytosolic motifs on mtGPAT reveals 

1 putative phosphorylation site for PKC and 3 potential sites for Casein Kinase 2 (CK2) 

phosphorylation.  CK2 has a number of substrates, and has been observed to have a role 

in cell survival (53).  Recently it was shown that direct phosphorylation of liver mtGPAT 

in vitro by CK2 increases PA biosynthesis (54) however the role of CK2 in T-lymphocyte 

signaling is less well defined.  Stimulation of the T-lymphocyte receptor (TCR)/CD3 

complex is required to initiate intracellular signaling pathways necessary for a T-

lymphocyte response to antigen.  Both Ras and PKC are activated downstream of CD3 

chain stimulation, and these two pathways are both reduced by aging (55) (56). 
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Therefore, the reduced PKC activity with age may have a direct impact on mtGPAT 

activity with age.  These data suggest that protein kinases may be an important 

mechanism to regulate mtGPAT activity in cells.  

 

 Recently, mice deficient in mtGPAT were constructed to validate the in vitro 

functions in vivo.  Mitochondrial GPAT deficient mice have reduced body weight, fat pad 

weights and altered blood lipid profiles including reduced plasma triacylglycerol and 

VLDL secretion (57).  In liver, glycerophospholipid fatty acid content is altered, however 

glycerophospholipid mass was not measured.  A second isoform of mtGPAT, mtGPAT2, 

was discovered in rat liver homegenates from mtGPAT 1 deficient mice which was 

functionally distinct from mtGPAT1 in that it did not prefer palmitoyl-CoA as a 

substrate, was inactivated by NEM (a feature of microsomal GPAT), was inhibited by 

dihydroxyacetone phosphate and polymixin B and increased temperature, and was not 

activated by acetone. (58).  To date, there have been no studies to determine whether 

mtGPAT1 or mtGPAT2 are preferentially expressed in T-lymphocytes.  

 

 Our lab has previously shown that in liver, synthesis of PA by GPAT and AGPAT 

can be increased by the addition of an intracellular fatty acid binding protein such as 

ACBP.  rACBP increases mtGPAT activity using palmitoyl CoA as a substrate in liver 

mitochondria from young animals, however rACBP fails to increase mtGPAT activity in 

old animals.  In rat liver, ACBP does not influence mtGPAT activity in the presence of 

oleoyl CoA, nor does it influence microsomal GPAT activity with either palmitoyl or 
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oleoyl CoA (14).  ACBP has also been shown to regulate microsomal GPAT activity.  

ACBP is much more effective at stimulating microsomal GPAT’s incorporation of oleoyl 

CoA into PA than incorporation of arachidonoyl CoA into PA.  The integration of oleoyl 

CoA corresponds with ACBP’s ability to greatly protect the acyl-CoA from hydrolysis 

(45) however ACBP may also impact acyl-CoA utilization by directly interacting with 

membranes or membrane proteins like carnitine palmitoyltransferase (59) (60).  

Therefore, objective 2 of this study is to determine the mechanism(s) by which GPAT 

activity is regulated in T-lymphocytes. 

 

 The development of mtGPAT deficient mice is a major scientific advance 

allowing us to answer questions relating to mtGPAT function which were previously 

impossible to address due to the lack of specific mtGPAT inhibitors.  mtGPAT deficient 

mice have reduced body weight, fat pad weights, plasma triacylglycerol and VLDL (57).  

The livers of these mice display reduced palmitate levels in glycerophospholipids and 

triacylglycerol and increased arachidonic acid levels in glycerophospholipids  (57).   

Additionally, while characterizing mtGPAT knockout mice, a second isoform of 

mtGPAT, mtGPAT2, was identified in rat livers, however the relative expression levels 

of mtGPAT1 and mtGPAT2 in wild-type liver is unknown.  In addition, there have been 

no studies, to date, that reveal which isoform of mtGPAT is expressed in T-lymphocytes 

nor has anyone explored the impact of mtGPAT deficiency on T-lymphocytes.   

mtGPAT1 deficient mice exhibit altered liver glycerophospholipid fatty acid content 

which could have profound effects on all cells, especially the T-lymphocyte.  For 
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example, in vascular smooth muscle cells arachidonic acid (AA) hydrolysis from 

membranes results in apoptosis owing to the AA derived prostaglandin J2 (61) (62).  

Although polyunsaturated fatty acids (PUFAs) in general have been shown to induce 

cellular apoptosis, evidence from human macrophages suggests that arachidonic acid is 

the most potent apoptotic PUFA and that apoptosis may be induced by AA activation of 

peroxisome proliferator activated receptors (PPARs) (63).  In Jurkat T-lymphocytes, 

arachidonic acid induces apoptosis through JNK phosphorylation (64).  In both human T-

lymphocyte cell lines and in rat T-lymphocytes AA-induced apoptosis is characterized by 

caspase activation and increased cellular production of LTB4 (65).  These studies 

indicate that apoptosis induced by arachidonic acid is mediated by a number of 

mechanisms which appear to be cell type specific. 

 

 Interestingly, changes in total glycerophospholipid mass were not measured in 

livers of mtGPAT1 deficient mice (57), however fatty acid content of individual 

glycerophospholipid species did change, presumably due to changes in PA fatty acid 

composition.  De novo PA biosynthesis is not the only mechanism by which cells 

generate PA.  PA is also generated by the hydrolysis of other glycerophospholipids by 

phospholipase D (PLD) or by cooperation between phospholipase C (PLC) hydrolysis of 

a glycerophospholipid to DAG and subsequent phosphorylation to yield PA by 

diacylglycerol kinase (DAGK).  Stimulation of the TCR/CD3 chains of peripheral T-

lymphocytes increases PLD activity, generating PA from other glycerophospholipid 

species (66).  Stimulating rat thymic T-lymphocytes increases intracellular PA from the 
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hydrolysis of phosphatidylinositol and phosphatidylcholine (67).  Increased PA induces 

rapid calcium influx and release from intracellular stores, which is an obligatory 

signaling event in the activation of a T-lymphocyte (66).  PA is also produced rapidly in 

agonist stimulated cells and activates PKC by physical binding to PKC and rendering it 

enzymatically active (68) This observation is important because PKC signaling is another 

necessary signal in the activation of a T-lymphocyte.  Following activation, intracellular 

signaling events induce NFκB and NFAT mediated expression of IL-2, a cytokine that is 

necessary for proliferation and clonal expansion of T-lymphocytes.  IL-2 signaling 

induces DAGK activity and generates PA.  Inhibiting IL-2 induced PA production 

induces growth arrest in late G1 phase of the cell cycle (69)  Recent data also suggests 

that PA promotes the binding of cRaf-1 kinase to the plasma membrane, where it 

interacts with Ras lending to the recruitment of MEK and Erk to initiate signaling (22).   

 

 Given the plethora of biological process that may be altered by reduced mtGPAT 

activity, and the correlation between mtGPAT activity and T-lymphocyte proliferation, 

objective 3 of this study is to establish a cause-effect relationship between GPAT activity 

and T-lymphocyte proliferation using mtGPAT-deficient mice. 
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Chapter 2 

Aging Reduces Glycerol-3-Phosphate Acyltransferase Activity in Activated 

Rat Splenic T-lymphocytes 

 

 

2.1  Abstract 

 T-lymphocyte proliferation declines with age. PA is the precursor to all 

glycerophospholipids, which serve as important membrane structural components and 

signaling molecules. Therefore, we tested the hypothesis that aged T-lymphocyte 

proliferation may be reduced, in part, by suppressed PA biosynthesis. We showed, for the 

first time, that anti-CD3 stimulation in rat splenic T-lymphocytes selectively increased 

mitochondrial GPAT activity. GPAT activity could be further increased by the addition 

of rACBP, but the increase in GPAT activity 

was blunted by aging. This is important because PA is the precursor lipid for 

glycerophospholipid synthesis and GPAT is the rate-limiting enzyme in PA biosynthesis. 

The mechanism by which stimulation of the T-lymphocyte and rACBP increased GPAT 

activity may involve phosphorylation since incubating Jurkat T-lymphocyte mitochondria 

with CK2 in vitro significantly increased GPAT activity. The data presented here suggest 

a novel mechanism by which aging may reduce activation-dependent mitochondrial 

GPAT activity. This age-induced alteration would result in reduced PA biosynthesis and 

could explain, in part, the diminished glycerophospholipid content of the membrane and 

subsequent loss of proliferative capacity in the aged T-lymphocyte. 
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2.2 Introduction 

 Reduced T-lymphocyte proliferation ex vivo is a hallmark of aging in humans and 

rodent models (70). The mechanism by which aging reduces T-lymphocyte proliferation 

is currently not known. Recent evidence suggests that alterations in the assembly of 

signaling molecules at the TCR/CD3 complex may lead to the inappropriate activation of 

intracellular signaling pathways through the CD3 receptor complex (71). Indeed, it has 

been shown that key intracellular signaling pathways like the MAP kinase and PKC 

pathways are reduced in aged T-lymphocytes (72). Historically, increased membrane 

rigidity due to increased cholesterol and decreased glycerophospholipid levels with age 

has been suggested as a potential mechanism to explain the alterations in cellular 

signaling and, therefore, cellular function (73). However, recent evidence in T-

lymphocytes shows that proliferation can be only partially rescued if aged T-lymphocytes 

are incubated with cyclodextrin, which extracts cholesterol from their plasma membranes 

(8). This report suggests that decreased T-lymphocyte proliferation with age cannot be 

completely explained by increased membrane cholesterol levels. To date, the influence of 

aging on glycerophospholipid metabolism in T-lymphocytes has been relatively 

unexplored. 

 GPAT is the rate limiting enzyme in the synthesis of glycerophospholipids and 

triglyceride. The acylation of G-3-P with acyl-CoA by GPAT produces L-PA. The L-PA 

is then acylated by AGPAT to produce PA, which is then used for glycerophospholipid 

and triglyceride synthesis (74). This is important for three reasons.  (1) L-PA is a potent 

T-lymphocyte mitogen, (2) PA is a key cofactor for Ras activity, (3) the generation of 
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glycerophospholipids can impact membrane structure and serve as cofactors for 

additional signaling molecules. Therefore, regulating PA biosynthesis could potentially 

have profound effects on cellular function. Both GPAT and AGPAT are integral 

membrane proteins, found in the mitochondria and microsomes (endoplasmic reticulum). 

The mitochondrial GPAT is thought to be the major contributor to membrane 

glycerophospholipid synthesis since mitochondrial GPAT, and not microsomal GPAT, 

prefers saturated over unsaturated acyl-CoAs as a substrate. This may explain why 

membrane glycerophospholipids primarily have saturated fatty acids in the sn-1 position 

of the glycerol backbone (75) (29). Recent evidence suggests that liver mitochondrial 

GPAT activity can be increased by CK2 phosphorylation in vitro (54). This is important 

because it suggests that mitochondrial GPAT may be activated relatively quickly by 

signaling pathways. Aging has been shown to reduce GPAT activity in adipocytes (76), 

yet the influence of stimulation and aging on GPAT activity in lymphocytes is unknown.  

The biosynthesis of PA from GPAT and AGPAT can be increased by as much as 37-fold 

when assayed in the presence of intracellular lipid binding proteins like ACBP (77). This 

suggests that ACBP may be a potent regulator of PA biosynthesis.  Specifically, ACBP 

has been shown to increase both liver mitochondrial (78) and microsomal (77) GPAT 

activity in vitro. Recent evidence from our lab has shown that aging significantly reduces 

the ability of exogenously added rACBP to increase liver mitochondrial GPAT activity in 

vitro (78). ACBP is a 10-kDa intracellular cytosolic protein that selectively binds acyl-

CoAs with high affinity in comparison to other intracellular lipid binding proteins (78). 

To date, ACBP has been found in every tissue tested including spleen (14).  In contrast,  
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other intracellular lipid-binding proteins are primarily expressed in the liver, intestine, 

brain or heart (33). Furthermore, decreased ACBP expression has been correlated with 

reduced proliferation in immortalized colonic epithelial cells (44) and liver cell lines (36). 

This suggests that ACBP-dependent functions may be critical for cellular proliferation. 

Presently, the role of ACBP in T-lymphocyte function and lipid metabolism is currently 

unknown. Hence, the aim of this study is to determine if GPAT activity may be 

influenced by stimulation, aging, or ACBP, therefore revealing a potentially novel 

mechanism by which T-lymphocyte proliferation is regulated. 

 

 

 

2.3 Materials and Methods 

Materials:   

Anti-CD3 was purchased from Pharmingen (La Jolla, CA). All chemicals were reagent 

grade or higher and from Sigma-Aldrich (St. Louis, MO). 

 

T-lymphocyte isolation and stimulation:  

 Young (6 months) and old (18 months) male, Sprague–Dawley rat splenic T-

lymphocytes were isolated using negative selection Immulan columns (Biotecx, Houston, 

TX) per manufacturer’s instructions as previously described (75), yielding a 90% pure 

splenic T-lymphocyte population. Isolation by negative selection prevents the stimulation 

of the T-lymphocyte’s receptor during the isolation procedure, as occurs with positive 
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selection methods. T-lymphocytes were counted using the Cell-Dyn 900 Hematology 

Analyzer (Sequoia-Turner, Mountainview, CA). T-lymphocytes, 2.5x107 cells per petri 

dish, were stimulated at 37oC for 30 min in prewarmed complete culture media (10% heat 

inactivated fetal bovine serum plus 100 U/ml penicillin, 100 μg/ml streptomycin, 10 μM 

2-mercaptoethanol, and 100 mM L-glutamine) with 10 μg/ml plate-bound anti-CD3 prior 

to membrane isolation. All animal procedures used were approved by the University of 

Texas Animal Use and Care Committee.   

 

T-lymphocyte proliferation:   

Splenic T-lymphocytes were cultured at 370C with complete media in the presence or 

absence of 10 μg/ml plate-bound anti-CD3 for 48 h. For the final 8 h, 0.5 μCi 

[3H]thymidine was added prior to harvesting onto glass fiber discs. Thymidine uptake 

was determined by scintillation counting as previously described (78).   

 

Membrane, mitochondria and microsome isolation:   

Splenic T-lymphocytes from the stimulated or unstimulated groups were pooled for 

isolation of crude membrane, mitochondria, and microsomes. Crude membrane isolation 

was carried out as previously described with slight modifications (36). Briefly, 7.5x107 

cells were pelleted at 12,000 xg for 3 min. The pellet was resuspended in 1 ml buffer 

containing 0.25 M sucrose, 10 mM HEPES, and 1mM EDTA, pH 7.4, transferred to a 

1.5-ml centrifuge tube then lysed, on ice, with 50 passages through a 23-gauge needle. 

Preliminary experiments were performed to determine the optimum number of strokes for 
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efficient primary T-lymphocyte lysis. Lysates were centrifuged at 51,000 xg for 30 min at 

4oC. The pellet (crude membrane) was resuspended in buffer without EDTA for use in 

biochemical assays. Protein concentrations were determined using the Bio-Rad Protein 

Assay. For comparison, equal protein concentrations of stimulated and unstimulated 

samples were used in all assays.   

 Microsome isolation was carried out as previously described with slight 

modifications (75). Briefly, 7.5x107 T-lymphocytes were pooled and pelleted at 12,000 xg 

for 3 min in 1.7-ml tubes. The pellet was resuspended in buffer containing 0.25 M 

sucrose, 10 mM HEPES, 1 mM EDTA, and 1% Triethanoloamine (TEA). The T-

lymphocytes were homogenized with 30 strokes in a duonce homogenizer. To obtain 

greater efficiency of isolation, the homogenate was transferred to a 1.5-ml centrifuge tube 

and further lysed with 20 passages through a 23-gauge needle.  Lysates were centrifuged 

at 22,000 xg for 15 min at 4oC.  The supernatant was centrifuged at 100,000 xg for 60 

min at 4oC to obtain the microsomal pellet. The pellet was resuspended in buffer without 

EGTA and TEA for use in biochemical assays. Protein concentrations were determined 

using the Bio-Rad Protein Assay.   

 Mitochondrial isolation was carried out using the Mitochondria Fractionation Kit 

as described by the manufacturer (Active Motif, Carlsbad, CA). Briefly, 7.5x107 T-

lymphocytes were pooled and pelleted. The cell pellet was resuspended in 1 ml 1X 

cytosolic buffer, incubated on ice for 15 min, homogenized using 30 strokes in a frosted 

glass homogenizer. The homogenate was passed 20 times through a 23-gauge needle to 

lyse cells and centrifuged at 800 xg for 20 min at 4oC. The pellet contained nuclei, 
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cellular debris, and intact cells while the supernatant contained cytosol and mitochondria. 

The supernatant was transferred to a pre-chilled centrifuge tube and centrifuged at 10,000 

xg for 20 min at 4oC. The pellet obtained was the mitochondrial fraction. This pellet was 

resuspended in 0.25 M sucrose for use in biochemical assays. Protein concentrations were 

determined using the Bio-Rad Protein Assay.   

 The purity of the mitochondrial and microsomal fractions was established by 

Western immunoblotting for marker proteins cytochrome oxidase (Cyto Ox) from 

Molecular Probes (Eugene, OR) [mitochondria] (79) and protein disulfide isomerase 

(PDI) from Abcam (Cambridge, MA)  [microsomes] (80) as previously described (78). 

Briefly, 30 μg of mitochondrial or microsomal protein was separated by SDS-PAGE 

using BioRad’s Kaleidoscope Prestained Standards. The protein was transferred onto 

PolyScreen PVDF membranes (NEN Life Sciences). The membranes were blocked with 

15 ml blocking solution containing 25 mM Tris HCl, 125 mM NaCl, 4% non-fat milk, 

and 0.1% Tween 20, pH 8.0.  Membranes were probed with antibodies described above. 

Immunoreactive bands were detected using an alkaline phosphatase-conjugated goat–

anti-rabbit secondary antibody and CDP-Star chemiluminnescence reagent (NEN Life 

Sciences), and visualized by densitometry using a Bio-Rad Gel Documentation System. 

Percent of total density was calculated by adding the mitochondrial and microsomal 

density for Cyto Ox or PDI, then dividing each individual mitochondrial and microsomal 

band density by the total (mitochondrial plus microsomal) density. 
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PA biosynthesis:   

PA biosynthesis was performed essentially as described previously (78) using 10 μg of 

crude membrane, mitochondrial or microsomal protein with 73.5 μM G-3-P, 70 mM 

Tris–HCl pH 7.4, 15 mM DTT, and 80 mM NaF and incubated at 370C for 30 min. 

Modifications included the use of 20 μM rACBP and 40 μM of one of the following 

radiolabeled acyl-CoAs: [14C] palmitoyl-CoA, [14C] oleoyl-CoA, [14C]  linoleoyl-CoA, 

[14C] arachidonoyl-CoA, or [14C] docosahexaenoyl-CoA.  The first reaction, carried out 

to determine the activity of GPAT, used G-3-P and [14C] palmitoyl-CoA or [14C] oleoyl-

CoA as the substrate. The second reaction used 1-oleoyl-L-PA and [14C] palmitoyl-CoA, 

[14C] oleoyl-CoA, [14C] linoleoyl-CoA, [14C] arachidonoyl-CoA, or [14C] 

docosahexaenoyl-CoA as the substrate to determine AGPAT activity. Lipids were 

extracted using chloroform/methanol (2:1) extraction. Glycerophospholipids were 

separated by thin layer chromatography on Silica Gel 60 plates using a solvent system 

containing chloroform/methanol/acetic acid/ddH2O (50:37.5:3.5:0.5, vol/vol). The 

sample bands containing PA, as determined by simultaneously running an authentic PA 

standard (Sigma-Aldrich), were scraped and counted using liquid scintillation counting. 

GPAT activity was calculated by multiplying the cpm by two (two radiolabeled fatty 

acids incorporate into PA from G-3-P) then dividing by the specific activity of the [14C] 

acyl-CoA solution to obtain nmol of PA synthesized. The nmol of PA formed was then 

divided by the incubation time (30 min) and the amount of membrane protein used in the 

reaction (0.01 mg) to obtain nmol/min/mg protein. To verify the purity of the 

mitochondrial fractions, GPAT activity was performed as described above in the presence 
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of [14C] palmitoyl-CoA and 75 μM N-ethylmaleimide (NEM) using young, unstimulated 

T-lymphocyte mitochondrial fractions from three individual rats. AGPAT activity was 

determined in nearly the same manner, except that the cpm value was multiplied by 1, 

instead of 2, because one fatty acid is incorporated into PA when L-PA is used as the 

substrate. 

 

In vitro phosphorylation:   

The CK2 assay was carried out as previously described (54). Briefly, stimulated and 

unstimulated T-lymphocyte mitochondria (50 μg protein) was incubated with 500 units 

CK2 (New England Biolabs), 1 mM ATP, and 10% 10X CK2 buffer (New England 

Biolabs) for 1 h on ice.  Mitochondrial membranes were solubilized by adding 100 mM 

CHAPS detergent (Sigma-Aldrich) and incubated, on ice, for 30 min. Samples were 

phosphorylated in duplicate, so that the effect of dephosphorylation by lambda 

phosphatase could be determined.  For these samples, the phosphorylated and solubilized 

mitochondria when incubated further with 400 units lambda phosphatase (New England 

Biolabs), 2 mM MnCl2 (New England Biolabs), and 10% 10X lambda phosphatase buffer 

(New England Biolabs) for 30 min on ice. The samples were then assayed for GPAT 

activity using the method described above. 
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Statistical analysis:   

Data were analyzed by one-way analysis of variance (ANOVA) and statistical differences 

were determined using Tukey’s multiple comparison test with GraphPad Prism software 

(San Diego, CA). A P<0.05 was considered significantly different. 

 

 

 

2.4 Results 

 It is well known that proliferation is reduced in aged T-lymphocytes.  As shown 

in  Fig. 2.1,  aging significantly reduced T-lymphocyte proliferation by 65% +/- 8% when 

stimulated with plate-bound anti-CD3 antibody. Using the same stimulation protocol, we 

next examined whether the reduced proliferative response correlated with alterations in 

PA biosynthesis in T-lymphocytes. Fig. 2.2 shows the influence of stimulation and age on 

PA biosynthesis in whole T-lymphocyte membrane preparations. In the presence of [14C] 

palmitoyl-CoA, the addition of rACBP significantly reduced PA biosynthesis in 

unstimulated T-lymphocytes while aging had no significant effect (Fig. 2.2A). Stimulated 

T-lymphocytes showed a significant reduction in PA biosynthesis in the absence of 

rACBP when compared to unstimulated T-lymphocytes. When rACBP was added to 

stimulated T-lymphocyte membranes, PA biosynthesis was increased approximately 6-

fold when compared to stimulated membrane preparations that lacked rACBP. The effect 

of aging was less pronounced because of the 3-fold increase in PA biosynthesis due to 

stimulation.  In contrast, aging did not have a significant effect on PA biosynthesis when 
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[14C] oleoyl-CoA was used instead of [14C] palmitoyl-CoA regardless of whether or not 

the T-lymphocytes were stimulated or exogenous rACBP was added (Fig. 2.2B).   

 The PA biosynthesis assay in Fig. 2.2 measures the activity of both the GPAT and 

AGPAT enzymes since G-3-P is the substrate. In order to determine if aging alters GPAT 

or AGPAT activity or both, AGPAT activity was measured directly by replacing G-3-P 

with L-PA and quantitating PA biosynthesis (Fig. 2.3). Because AGPAT adds fatty acids 

to the sn-2 position of PA and membrane glycerophospholipids predominantly contain 

unsaturated fatty acids in the sn-2 position, we performed the AGPAT assay using 

representative saturated, monounsaturated and n-6 and n-3 polyunsaturated fatty acids to 

determine if aging or stimulation had a significant effect.  In the presence of [14C] 

palmitoyl-CoA, neither stimulation, the presence of rACBP, nor aging had a significant 

effect on AGPAT activity (Fig. 3A). Similar results were observed when [14C] palmitoyl-

CoA was replaced with [14C] linoleoyl-CoA or [14C] docosahexaenoyl-CoA (Fig. 2.3 

C,E). Interestingly, stimulation significantly increased AGPAT activity in the presence of 

[14C] oleoyl-CoA (Fig. 2.3B) and [14C] arachidonoyl-CoA (Fig. 2.3D) in the absence of 

rACBP.  Aging or the presence of rACBP did not significantly influence AGPAT activity 

in the presence of [14C] oleoyl-CoA (Fig. 2.3B) and [14C] arachidonoyl-CoA (Fig. 2.3D).  

Fig. 2.2, supported by the data in Fig. 2.3, suggests that the reduction in PA biosynthesis 

by aging is due to decreased GPAT, but not AGPAT, activity.  

 The experiments shown in figures 2.2 and 2.3 were performed using whole 

membrane preparations, which are a heterogeneous mixture of mitochondria, microsomes 

(endoplasmic reticulum) and plasma membrane. Therefore, we purified T-lymphocyte 
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mitochondria and microsomes after stimulation to determine if aging was predominantly 

altering the mitochondrial or microsomal isoform of GPAT (Fig. 2.4).  In the presence of 

[14C] palmitoyl-CoA, mitochondrial GPAT activity was significantly increased in the 

presence of rACBP in unstimulated young T-lymphocytes while there was no significant 

effect in aged T-lymphocytes (Fig. 2.4A).  In the presence of [14C] palmitoyl-CoA, 

stimulation significantly increased mitochondrial GPAT activity in young T-lymphocytes 

and the addition of rACBP further increased GPAT activity while aging had no effect on 

PA biosynthesis (Fig. 2.4A). Stimulation, aging and the addition of rACBP did not have a 

significant effect on microsomal GPAT activity in the presence of [14C] palmitoyl-CoA 

(Fig. 2.4B). Interestingly, stimulation significantly increased mitochondrial GPAT 

activity in the presence of [14C] oleoyl-CoA, but only when rACBP was present (Fig. 

2.4C). Neither aging nor stimulation alone had a significant effect on PA biosyntheis 

(Fig. 2.4C). Overall, stimulation or the addition of rACBP did not have a significant 

effect on microsomal GPAT activity in the presence of [14C] oleoyl-CoA (Fig. 2.4D). 

However, unstimulated T-lymphocyte microsomes from aged rats had significantly 

increased GPAT activity in the presence of rACBP (Fig. 2.4D).  

 Fig. 2.5 indicates the purity of mitochondrial and microsomal fractions as 

determined by measuring protein levels of organelle-specific marker enzymes 

cytochrome oxidase and protein disulfide isomerase, respectively. The results indicate 

94–96% purity of the isolated mitochondrial and microsomal fractions. The purity of the 

T-lymphocyte mitochondrial fraction was further verified by measuring GPAT activity in 

the presence of NEM. GPAT activity in the absence of NEM was 49.8 +/- 0.28 
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nmol/min/mg protein and 54.9 +/- 0.03 nmol/min/mg protein in the presence of NEM.   

NEM did not significantly reduce GPAT activity, which indicates that the NEM-sensitive 

microsomal GPAT is not present in appreciable quantities in the mitochondrial fraction. 

The data presented suggest that mitochondrial GPAT activity, in the presence of 

palmitoyl-CoA, is increased following T-lymphocyte stimulation and that aged T-

lymphocytes exhibit only partially increased GPAT activity.   

 It is recognized that aging results in the down-regulation of multiple signaling 

pathways in activated T-lymphocytes and recent evidence suggests that liver 

mitochondrial GPAT activity can be increased by CK2 phosphorylation (54). To test the 

hypothesis that phosphorylation may regulate T-lymphocyte mitochondrial GPAT 

activity, we examined the influence of in vitro phosphorylation in human T-lymphocyte 

cell line (Jurkat) mitochondria.  We performed these experiments in Jurkat cells due to 

the limiting number of splenic T-lymphocytes from young and old rats.  Fig. 2.6 shows 

that stimulation significantly increased mitochondrial GPAT activity in the presence of 

[14C] palmitoyl-CoA.  When purified mitochondria from unstimulated Jurkat cells were 

phosphorylated by CK2 in vitro, GPAT activity was significantly increased in the 

presence of rACBP but not in the absence of rACBP (Fig. 2.6).  When an aliquot of the 

mitochondria from the CK2 assay was incubated with protein phosphatase to 

dephosphorylate the sample, the increase in GPAT activity was completely removed. 

Interestingly, in mitochondria from stimulated Jurkat cells, CK2 further increased GPAT 

activity in the presence of rACBP but not in the absence of rACBP (Fig. 2.6). Incubating 

an aliquot of the mitochondria from the CK2 assay with protein phosphatase removed 
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both the CK2 and stimulation induced increases in GPAT activity, suggesting that 

phosphorylation may be involved in increased mitochondrial GPAT activity in stimulated 

T-lymphocytes. 

 

 

2.5 Discussion 

  

 These data show that aging specifically reduces mitochondrial GPAT activity and 

not AGPAT or microsomal GPAT activity in activated splenic T-lymphocytes.   In 

unstimulated young splenic T-lymphocytes, mitochondrial GPAT activity was twice as 

high when compared to microsomal GPAT regardless of whether [14C] palmitoyl-CoA or 

[14C] oleoyl-CoA was used as the substrate.  Furthermore, mitochondrial GPAT did not 

show any difference in the utilization of [14C] palmitoyl-CoA or [14C] oleoyl-CoA.  

Following anti-CD3 stimulation, mitochondrial GPAT activity almost doubled while 

microsomal GPAT activity remained uneffected in the presence of [14C] palmitoyl-CoA.  

The increase in mitochondrial GPAT activity in response to stimulation was further 

increased by the addition of rACBP into the assay which is in agreement with our 

previously published data in rat liver showing that only mitochondrial GPAT, not 

microsomal GPAT, preferentially utilized [14C] palmitoyl-CoA over [14C] oleoyl-CoA 

(14).  In addition, this preference was observed only when rACBP or albumin was 

present in the assay (14).  Thus, the data suggest that only T-lymphocyte mitochondrial 

GPAT preferentially utilizes [14C] palmitoyl-CoA when stimulated or when rACBP is 
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present.  These data are in contrast to our previously reported observations in rat liver 

microsomes in which rACBP did not influence GPAT while rACBP appeared to increase 

the utilization of [14C] oleoyl-CoA but not [14C] palmitoyl-CoA (45).  This discrepancy 

may be due to differences in acyl-CoA utilization in microsomal and mitochondrial 

isoforms of GPAT.  It is also important to point out that AGPAT activity was higher or 

equal to GPAT activity regardless of the [14C] acyl-CoA utilized verifying that GPAT 

and not AGPAT is the rate-limiting step in PA biosynthesis (75).    

 The addition of rACBP to the PA biosynthesis reaction in splenic T-lymphocytes 

is of physiological importance because ACBP is expressed at significant levels in spleen 

(33) and ACBP has been shown to associate with both mitochondria and microsomes in 

rat liver (81).  The exact subcellular localization or expression level of ACBP in splenic 

T-lymphocytes remains to be determined.  However, we have found that the ACBP 

protein is expressed in young splenic T-lymphocytes (unpublished observations).   

 The mechanism by which aging blunts GPAT activity in activated T-lymphocytes 

is not clear, however altered phosphorylation may be involved.  This mechanism is 

supported by several pieces of evidence.  First, we show that in vitro phosphorylation of 

unstimulated Jurkat mitochondria by CK2 significantly increases GPAT activity, which is 

similar to previous observations in rat liver mitochondria (54).  Second, anti-CD3 

stimulation alone increases mitochondrial GPAT activity in Jurkat T-lymphocytes.  This 

effect is further increased when rACBP is present, which mimics the observations we 

found in young splenic T-lymphocytes.  Third, phosphatase treatment of stimulated 

Jurkat mitochondria eliminated the increase in GPAT activity.  Fourth, previous reports 
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have shown that epidermal growth factor and insulin could increase GPAT activity in 

liver cell lines (51) setting the precedence for exogenous stimuli such as anti-CD3 to 

regulate GPAT activity.  It is interesting to point out that incubation of rat liver 

mitochondria with AMP-activated kinase inhibits GPAT activity (52) suggesting that the 

increase in mitochondrial GPAT activity following CK2 phosphorylation may be 

relatively specific.  Recent evidence showing that phorbol ester stimulation of alveolar 

cells has no significant effect on GPAT activity suggests that PKC activation may not be 

a common signaling pathway leading to GPAT activation (82).  However, experiments 

need to be performed in T-lymphocytes to directly rule out this mechanism. 

 An alternative mechanism for aging the reduction in GPAT activity due to aging 

may be age-dependent changes in the mitochondrial membrane microenvironment, as has 

been previously suggested (personal correspondence).  This mechanism is unlikely 

because aging did not significantly influence mitochondrial GPAT activity in 

unstimulated splenic T-lymphocytes.  However, this does not discount the possibility that 

alterations in the membrane microenvironment may be impacted by aging following 

stimulation, which may be reduce GPAT activity.  Moreover, it is unlikely that the age-

dependent effects on GPAT activity are due to alterations in GPAT protein expression 

induced by stimulation because the stimulation was for 30 minutes, which would not give 

the cell sufficient time to translate new GPAT in young T-lymphocytes.  Finally, the age-

dependent decrease in mitochondrial GPAT activity could not be due to age-associated 

alterations in ACBP structure as the ACBP utilized was recombinant and exogenously 

added.   
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 The mechanism by which rACBP increases mitochondrial GPAT activity in T-

lymphocytes is not clear.  Part of the difficulty in explaining the influence of ACBP lies 

in the multi-faceted role of ACBP in cellular function.  ACBP binding increases the 

solubility of acyl-CoAs, protects the cell from the acyl-CoA's detergent-like effects, and 

creates a pool of acyl-CoAs available for specific cellular purposes such as β-oxidation or 

lipid biosynthesis. ACBP also protects acyl-CoA from hydrolysis, forming an 

intracellular pool of sheltered acyl-CoA for cellular needs.  It is possible that any of the 

above functions of ACBP may be involved in the regulation of GPAT activity.  

Additional experiments to address the solubility of the acyl-CoAs and their partitioning 

into membranes or cellular organelles are necessary to further elucidate the mechanism 

by which ACBP increases GPAT activity.  In addition, it was recently shown that ACBP 

can donate acyl-CoAs directly to carnitine palmitoyl transferase 1 (CPT1) (59).   In a 

report by Abo-Hashema et. al. (2001) CPT1 activity directly correlated with the 

concentration of ACBP-bound acyl-CoA, but not with free acyl-CoA.  Similar kinetic 

studies with GPAT using increasing ratios of ACBP:acyl-CoA will need to be performed 

to address this potential mechanism.   

 The role of CK2 in T-lymphocyte function is relatively unknown.  A potential 

role for CK2 in modulating lymphocyte function has been shown by exacerbated 

lymphoproliferation in autoimmune prone mice that overexpress the CK2 transgene (83).    

This is consistent with the suggested role of CK2 in propagating proliferation and 

protecting cells from apoptosis (84).  Furthermore, CK2 may be of particular relevance in 

T-lymphocytes since CK2 is constitutively expressed (84) and is found in various 
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subcellular compartments including the mitochondria (85).  Currently, the impact of 

aging on CK2 activity or expression is not known.   

 Taken together, the data presented herein show that decreased proliferation 

correlated with reduced mitochondrial GPAT activity in the presence of rACBP in aged 

splenic T-lymphocytes.  This observation may give insight into a potentially novel 

mechanism by which aging regulates T-lymphocyte function.  Furthermore, the data 

indicate that reduced mitochondrial GPAT phosphorylation may explain, in part, this 

observation.  This report may have broader implications since ACBP has been found in 

every tissue tested and we have previously found similar effects of aging on liver 

mitochondrial GPAT activity (14).   
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Figure 2.1  Splenic T-lymphocyte Proliferation 
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Figure 2.1.  Effect of aging on splenic T-lymphocyte proliferation.  Splenic T-
lymphocytes were isolated from young (6 month) and old (18 month) rats.  T-
lymphocytes, 500,000 cells per well, were stimulated for 48 hours and cultured with 
plate-bound anti-CD3.  Proliferation measured by [3H]thymidine uptake as described in 
the Materials and Methods.  Bars shown represent stimulated T-lymphocytes.  
Unstimulated T-lymphocytes fail to proliferate (data not shown).  Values represent the 
mean ± SEM of five  rats.   *Significantly different (P<0.05) from young T-lymphocytes. 
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Figure 2.2  PA Biosynthesis in Whole Membrane Preparations 
 
 
 

   
 
 
Figure 2.2.  Aging and stimulation alter GPAT activity in crude splenic T-lymphocyte 
membrane preparations.  Splenic T-lymphocytes were isolated from young (6 month) and 
old (18 month) rats and cultured with (stimulated) or without (unstimulated) plate-bound 
anti-CD3 as described in Figure 2.1.  After 30 minutes of stimulation, crude membrane 
preparations were isolated as described in the Materials and Methods.  Crude membranes 
were incubated with G-3-P and [14C] palmitoyl-CoA (A) or [14C] oleoyl-CoA (B) in the 
presence (+rACBP) or absence (-rACBP) of rACBP for 30 minutes.  The lipids were 
extracted and PA was isolated by thin layer chromatography.  PA biosynthesis  was 
quantitated by scintillation counting as described in Materials and Methods.  Values 
represent the mean ± SEM of five rats.   
*Significantly different (P<0.05) from the unstimulated young and old –rACBP groups.  
**Significantly different (P<0.05) from all groups except the young unstimulated -
rACBP group.  ***Significantly different (P<0.05) from the young and old -rACBP 
groups and old stimulated +rACBP group.   
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Figure 2.3  AGPAT Activity in Whole Membrane Preparations 
 
 

 
 
Figure 2.3.  Stimulation alters AGPAT activity in crude splenic T-lymphocyte membrane 
preparations.  Splenic T-lymphocytes were isolated from young (6 month) and old (18 
month) rats and cultured with (stimulated) or without (unstimulated) plate-bound anti-
CD3 as described in Figure 2.1.  Crude membranes were isolated and assayed for 
AGPAT activity in the presence (+rACBP) or absence (-rACBP) of rACBP as described 
in Figure 2.2 except that G-3-P was replaced with L-PA and [14C] linoleoyl-CoA (C), 
[14C] arachidonoyl-CoA (D) or [14C] docosahexaenoyl-CoA (E) was used in addition to 
[14C] palmitoyl-CoA (A) or [14C] oleoyl-CoA (B).  Values represent the mean ± SEM of 
five rats.  *Significantly different (P<0.05) from the unstimulated young –rACBP group.   
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Figure 2.4 GPAT Activity in Mitochondria and Microsomes 
 
 

 
 
 
 
Figure  2.4.  Aging and stimulation alter mitochondrial GPAT activity in splenic T-
lymphocytes.  Splenic T-lymphocytes were isolated from young (6 month) and old (18 
month) rats and cultured with (stimulated) or without (unstimulated) plate-bound anti-
CD3 as described in Figure 2.1.  GPAT activity was assayed in the presence (+rACBP) or 
absence (-rACBP) of rACBP as described in Figure 2.2 with either [14C] palmitoyl-CoA 
(A) or [14C] oleoyl-CoA (B).   Purified mitochondria (A,C) or microsomes (B,D) were 
used in place of crude membrane preparations.  Values represent the mean ± SEM of five 
individual rats.  *Significantly different (P<0.05) from all groups.  ** Significantly 
different (P<0.05) from all groups.  ***Significantly different (p<0.05) from the young -
rACBP unstimulated group.   
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Figure 2.5  Purity of Mitochondrial and Microsomal Fractions 
 
 
 

 
 
 
 
Figure 2.5.  Purity of mitochondrial and microsomal fractions.  Splenic T-lymphocyte 
mitochondrial (Mito) and microsomal (Micro) fractions were isolated as described in 
Figure 2.4 legend.  Aliquots from each fraction were analyzed by western 
immunoblotting using antibodies specific to the mitochondrial enzyme Cytochrome 
Oxidase (Cyto Ox) and the microsomal enzyme Protein Disulfide Isomerase (PDI) as 
described in the MATERIALS AND METHODS section.  (A) Representative 
immunblot.  (B) Densitometric analysis of the immunoblot.   
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Figure 2.6.  Mitochondrial GPAT activity in Jurkat T-lymphocytes Following In 
Vitro Phosphorylation by CK2 

 
 
 

 
 
 
Figure 2.6.  Influence of stimulation and in vitro phosphorylation on mitochondrial 
GPAT activity in Jurkat T-lymphocytes.  Jurkat T-lymphocytes were cultured in the 
presence (stimulated) or absence (unstimulated) of plate-bound anti-CD3 as described in 
Figure 2.1 for splenic T-lymphocytes.  After 30 minutes, mitochondria were isolated and 
assayed for GPAT activity in the presence of [14C] palmitoyl-CoA (A) as described in 
Figure 2.2.  Aliquots of the mitochondria were incubated with exogenous CK2 (CK2) and 
ATP as described in the Materials and Methods.  The mitochondria were then assayed for 
either GPAT activity in the presence (+rACBP) or absence (-rACBP) or incubated with 
lambda phosphatase (Ptase) then assayed for GPAT activity (B).  Values represent the 
mean ± SEM of three independent experiments.  ‘*’Significantly different (p<0.05) from 
the unstimulated control group.  ‘**’Significantly different (p<0.05) from all groups 
except the unstimulated CK2 +rACBP group .   
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Chapter 3 

Aging Alters Phosphorylation Dependent Increases in Mitochondrial 
Glyerol-3-phosphate Acyltransferase 1 Activity in T-lymphocytes 

 

 
3.1 Abstract 

 Recently, we have shown that stimulation and rACBP increase 

mitochondrial mtGPAT activity in rat splenic T-lymphocytes and that this effect is 

blunted in aged T-lymphocytes.   In addition to decreased mtGPAT activity, aged T-

lymphocytes also have altered membrane lipid composition and decreased proliferation in 

response to antigen.    Therefore, we wanted to determine the mechanism by which 

mtGPAT activity is regulated in aged T-lymphocytes.   We show that aged T-lymphocyte 

mtGPAT activity is not increased by ex vivo stimulation or in vitro phosphorylation with 

CK2 and PKC theta (PKC θ) as is seen in young T-lymphocytes.  However, other factors 

that might influence mtGPAT activity such as reduced mtGPAT protein levels, gene 

expression or alterations in the soluble acyl-CoA pool were not affected by age or 

stimulation.  The age effect was also not compensated for by increased ACBP expression 

in aged T-lymphocytes.  Currently, two mitochondrial GPAT (mtGPAT) isoforms 

(mtGPAT1 and mtGPAT2) have been identified.  We found that T-lymphocytes express 

mtGPAT1, but not mtGPAT2, suggesting that at least mtGPAT1 is sensitive to 

phosphorylation in vitro.  Support for direct phosphorylation of mtGPAT1 in young T-

lymphocytes is shown by mtGPAT1 immunoprecipitation where a phosphoprotein band 

was detected migrating at the same molecular weight (85 kDa) as mtGPAT1.  This is 

significant because we also show that T-lymphocytes from mtGPAT deficient mice have 
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reduced proliferation ex vivo as is seen in aged T-lymphocytes.  These data provide 

evidence for a novel mechanism by which T-lymphocyte proliferation may be regulated 

and, for the first time, give a potential mechanistic explanation for the correlation 

between reduced proliferation and membrane lipid changes seen in aged T-lymphocytes.   

 

 

3.2 Introduction 

 The first committed, rate-limiting step in glycerolipid biosynthesis is the acylation 

of G-3-P with acyl-CoA by GPAT to yield L-PA (86).  L-PA is further acylated by 

AGPAT to form PA, which is the common precursor to all glycerophospholipids and 

triglyceride.  GPAT is an integral membrane protein located on the mitochondrial outer 

membrane and the endoplasmic reticulum.  Thus, GPAT may be affected by signaling 

events located in the cytoplasm.  Evidence suggests that two independent genes for 

GPAT give rise to the mitochondrial GPAT (mtGPAT) and microsomal GPAT 

(mcGPAT) isoforms.  In addition, a second isoform of mtGPAT, mtGPAT2, has been 

biochemically described in the livers of mtGPAT deficient mice (87) which is also 

expressed by another gene.  The differences between mtGPAT1 and mtGPAT2 in cellular 

function are currently being elucidated.  It is well known that mtGPAT1 preferentially 

utilizes saturated acyl-CoAs, like palmitoyl-CoA, to acylate G-3-P while mcGPAT 

utilizes both saturated and unsaturated acyl-CoAs (88).  The majority of membrane 

glycerophospholipids contain a saturated fatty acid on the first carbon of the glycerol 

backbone and an unsaturated fatty acid at the second position, therefore mtGPAT is 
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considered to be the major GPAT isoform in de novo membrane glycerophospholipid 

biosynthesis (89).  .   

 Two independent, posttranslational mechanisms may regulate mtGPAT activity.  

First, GPAT activity can be regulated in vitro by the presence of cytosolic proteins that 

bind acyl-CoAs.  Recent evidence suggests that ACBP can stimulate liver mtGPAT (14),  

mcGPAT (78), and T-lymphocyte mtGPAT (90) activity in vitro.  Second, mtGPAT may 

be regulated by phosphorylation (54,91).  Reports suggest direct phosphorylation due to 

potential phosphorylation sites on mtGPAT (51) (52).  Indeed, there are 3 putative CK2 

phosphorylation sites and 1 putative PKC phosphorylation site in the cytosolic portion of 

the mtGPAT amino acid sequence which may influence activity (92).  Recent evidence 

suggests that, in vitro, the activity of liver (91) and Jurkat T-lymphocyte (90) mtGPAT 

activity is increased by exogenous CK2 phosphorylation.  In addition, mtGPAT, but not 

mcGPAT, is inactivated by AMP-activated kinase (52).  This strongly suggests that 

phosphorylation and dephosphorylation regulate mtGPAT activity.   

 Typically, albumin is used in GPAT assays to maximize PA biosynthesis.  

Because albumin is not found in cells but ACBP is, we use rACBP instead of albumin 

(78).  ACBP is a ubiquitously expressed 10 kDa intracellular binding protein that binds 

acyl-CoAs with high specificity and relatively high affinity. ACBP has recently been 

found to regulate cellular functions such as adipocyte differentiation and red blood cell 

glycerophospholipid remodeling (42) (43).  ACBP has also been associated with 

increased cell proliferation (44).  These observations set the precedent for the potential 

involvement of ACBP in the regulation of cellular proliferation through alterations in 
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lipid metabolism.  Currently, ACBP’s major role in regulating lipid metabolism is 

thought to be by binding long chain acyl-CoAs;  thereby increasing the soluble acyl-CoA 

pool available for use in lipid metabolic reactions (37).   

The T-lymphocyte is a commonly used cell type to examine signaling 

mechanisms regulating gene expression and cell function.  Reduced T-lymphocyte 

proliferation ex vivo is the most consistent immunologic aberration of aging in humans 

and rodents (70) (3).  Ex vivo stimulation is typically performed with anti-CD3 antibody, 

which closely mimics in vivo stimulation by perturbing the antigen specific TCR/CD3 

complex on T-lymphocytes.  The mechanism(s) by which aging reduces T-lymphocyte 

proliferation is not fully understood, but has been linked to the reduction in multiple 

signaling pathways including PKC, the calcium/calmodulin pathway, and the Ras/MAPK 

pathway (73) (2).  Recently we have shown that aging significantly reduced the ability of 

ACBP to increase the activity of liver mtGPAT (14) and T-lymphocyte mtGPAT (90).  

Specifically, we have shown that ex vivo anti-CD3 T-lymphocyte stimulation increases 

mtGPAT, but not mcGPAT, activity.  Interestingly, this increased activity was blunted by 

aging and correlated with reduced T-lymphocyte proliferation (90).  Here we examine the 

potential mechanism(s) for the previously reported reduced mtGPAT activity in aged T-

lymphocytes (90) as well as the effect of GPAT deficiency, in mtGPAT knockout mice, 

on T-lymphocyte proliferation.  Potential mechanism(s) examined include changes in 

mtGPAT expression, in vitro phosphorylation by exogenous CK2 and PKC, 

mitochondrial fatty acid composition and acyl-CoA extraction from mitochondrial 

membranes.   
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3.3 Materials and Methods 

 

Materials:  

Rat anti-CD3 monoclonal antibody was purchased from BD Pharmingen (La Jolla, CA).  

All chemicals were reagent grade or higher and purchased from Sigma-Aldrich (St. 

Louis, MO).   

 

Animals:  

GPAT deficient C57BL/6 mice were kindly provided by Dr. Rosalind Coleman 

(University of North Carolina at Chapel Hill).   Wild-type C57BL/6 mice were purchased 

from Taconic Farms (Hudson, NY). 

 

T- lymphocyte isolation and stimulation:  

Young (6 month) and old (18 month) male, Sprague-Dawley rat or GPAT deficient and 

wild-type mouse splenic T-lymphocytes were isolated using negative selection Immulan 

columns (Biotecx, Inc., Houston, TX) as previously described (93).  The splenic T-

lymphocyte population was 90% pure as determined by flow cytometry.  Isolation by 

negative selection was chosen to prevent perturbation of the T-lymphocyte receptors 

during the isolation procedure.  T-lymphocytes were counted using a Cell-Dyn 900 

Hematology Analyzer (Sequoia-Turner Corp., Mountainview, CA).  T-lymphocytes, 2.5 

x107 cells, were stimulated at 37oC for 30 minutes in pre-warmed complete culture media 

with or without 10 µg/ml plate-bound anti-CD3 prior to mitochondrial isolation.  All 
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animal procedures used were approved by the University of Texas Animal Use and Care 

Committee.   

 

Proliferation:  

T-lymphocyte proliferation was measured using the MTT Cell Proliferation Assay as 

described by the manufacturer (American Type Cell Culture, Manassas, VA). Cells were 

either left unstimulated or were stimulated for 24 or 48 hours with 0.01 µg/µL anti-CD3 

and 0.002 µg/µL anti-CD28.  One million cells in 100 µL of cell culture media were 

added to their corresponding wells. Cells were incubated for 18 h at 37°C to induce 

proliferation. Following incubation, 20 µL of MTT reagent was added to each well, 

mixed gently, and incubated for approximately 3 h. The cells were permeabilized with 

100 µL of detergent and incubated at room temperature for 2 h. Absorbance was 

determined at 570 nm, and values were corrected for background with wells that 

contained no cells. 

 

Isolation of mitochondria, nuclei and cytosol:   

Stimulated or unstimulated splenic T-lymphocyte mitochondrial isolation was carried out 

using the Mitochondria Fractionation Kit (Active Motif, Carlsbad, CA) as previously 

described (90) (94).  Briefly, 7.5 x107 T-lymphocytes were pooled and pelleted.  The cell 

pellet was resuspended in lysis buffer, incubated on ice for 15 minutes, and homogenized 

using 30 strokes in a duonce homogenizer.  The homogenate was passed 20 times 

through a 23 gauge needle to lyse cells and centrifuged at 800 xg for 20 minutes at 4oC.  
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The pellet contained the nuclear fraction.  The supernatant was transferred to a pre-

chilled 1.5 ml centrifuge tube and centrifuged at 10,000 xg for 20 minutes at 4 oC.  The 

pellet obtained was the mitochondrial fraction which was resuspended in 300 µl lysis 

buffer and centrifuged again at 10,000 xg for 20 minutes at 4oC to wash the pellet.   The 

mitochondrial pellet was resuspended in 0.25 M sucrose for use in biochemical assays.  

The supernatant was retained as the cytosolic/endoplasmic reticulum fraction.  Protein 

concentrations for all cellular fractions were determined using the BioRad Protein Assay 

as previously described (90). 

 

GPAT activity:   

GPAT activity was determined by measuring PA biosynthesis as described previously 

(14) using 10 µg of mitochondrial protein and [14C] palmitoyl-CoA.  All assays were 

performed with and without 20 µM rACBP to maintain consistency with previously 

published observations (90).  GPAT activity was calculated by multiplying the cpm by 

two (two radiolabeled fatty acids are incorporated into PA from G-3-P) then dividing by 

the specific activity of the [14C] palmitoyl-CoA solution to obtain nmol of PA 

synthesized.  The nmol of PA formed was then divided by the incubation time (30 

minutes) and the amount of membrane protein used in the reaction (0.01 mg) to obtain 

nmol/min/mg protein.   
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Fatty acid analysis:   

Fatty acid analysis was performed on T-lymphocyte mitochondrial samples.  Lipids were 

extracted from samples with n-hexane:2-propanol 3:2 (v:v) as previously described (95) 

(95).  The lipid extracts were centrifuged at 800 xg to pellet cellular debris. The lipid-

containing supernatants were filtered through a 0.2 μM nylon filter, dried under nitrogen, 

and redissolved in methanol.  The samples were converted to fatty acid methyl esters 

(FAMEs) using the method of Brockerhoff (96).  Briefly, methanolic KOH was added, 

followed by 0.2 M aqueous H2SO4.  The FAMEs were extracted by n-hexane, dried under 

nitrogen, and redissolved in n-hexane for clean-up by thin-layer chromatography.  

Cleaning was performed to remove any unmethylated (unhydrolyzed) lipids, free fatty 

acids, etc… prior to analysis by gas liquid chromatography. The samples were run in 

parallel with authentic FAME standards (Sigma Aldrich, St. Louis, MO) on Silica 60G 

plates, prerun with acetone, using a toluene solvent system.  FAMEs were visualized with 

a 0.1% Anilino-1-naphthalenesulfonic acid (ANS) salt solution under UV light, and the 

corresponding FAME bands were scraped and redissolved in methanol.  The FAMEs 

were again extracted by n-hexane prior to separation by gas-liquid chromatography.  

FAMEs were separated using a Varian 3900 gas chromatography instrument.  FAME 

standards and a 17:0 internal standard were used to establish relative retention times.  

Peak area data was collected and analyzed using Varian Star Chromatography 

Workstation Version 5.52 software. 
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Acyl-CoA partitioning:   

The distribution of [14C] palmitoyl-CoA between the mitochondrial membrane and 

aqueous phases was examined with or without 20 µM rACBP,  under similar conditions 

as described for determining GPAT activity except that G-3-P was omitted to prevent PA 

from being formed and the reaction time was 10 minutes. The mitochondrial membrane 

and aqueous phases were separated by centrifugation at 10,000 xg for 15 minutes at 4°C. 

The supernatant, representing acyl-CoA that remained in the aqueous phase, was 

transferred to scintillation vials and counted by liquid scintillation counting. The pellet, 

representing membrane-bound acyl-CoA, was dried under nitrogen, transferred to 

scintillation vials and cpm determined by liquid scintillation counting. 

 

In vitro phosphorylation:   

The CK2 assay was carried out as previously described (90).  Briefly, stimulated and 

unstimulated T-lymphocyte or liver mitochondria (50 µg protein) was incubated with 500 

units CK2 (New England Biolabs, Ipswich, MA), 1mM ATP, 10% 10X CK2 buffer (New 

England Biolabs, Ipswich, MA) for 1 hour on ice.  Mitochondrial membranes were 

solubilized by adding 100 mM CHAPS detergent (Sigma-Aldrich, St. Louis, MO) and 

incubated, on ice, for 30 minutes.  Samples were phosphorylated in duplicate, so that the 

effect of dephosphorylation by lambda phosphatase could be determined.  For these 

samples, the phosphorylated and solubilized mitochondria was incubated further with 400 

units lambda phosphatase (New England Biolabs, Ipswich, MA), 2 mM MnCl2 (New 

England Biolabs, Ipswich, MA), 10% 10X lambda phosphatase buffer (New England 
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Biolabs, Ipswich, MA) for 30 minutes on ice.  The samples were then assayed for GPAT 

activity using the method described above.   

Phosphorylation of T-lymphocyte mitochondria by PKCθ was performed 

according to the manufacturer’s instructions.  Stimulated and unstimulated T-lymphocyte 

mitochondria (50 µg protein) was incubated with 100 units of PKCθ (Upstate, 

Charlottesville, VA), 10 µl PKC, 5 µg phosphatidylserine, 0.5 µg diglycerides, 1 mM 

ATP, and 15 mM MgCl2 for 30 minutes at 300C.  Samples were phosphorylated in 

duplicate, and one sample from each animal was dephosphorylated, as described above.  

The samples were assayed for GPAT activity as described above.   

 

Western immunoblotting:   

Cellular protein was isolated and western immunoblotting performed as previously 

described (90).  Briefly, total protein from stimulated or unstimulated T-lymphocytes was 

quantitated using the BioRad protein assay. Total protein was separated by SDS-PAGE 

using BioRad’s Kaleidoscope Prestained Standards. The protein was transferred onto 

PolyScreen PVDF membranes (NEN Life Sciences, Boston, MA) and the membranes 

blocked with 15 ml blocking solution containing 25 mM Tris HCl, 125 mM NaCl, 4% 

non-fat milk, and 0.1% Tween 20, pH 8.0. prior to probing with 1:300 dilution of anti-

ACBP antibody (provided by Dr. Jens Knudsen, University of Denmark) or anti-

mtGPAT antibody (provided by Dr. Dipak Haldar, St. John’s University).  

Immunoreactive bands were detected using an alkaline phosphatase-conjugated goat-anti-

rabbit secondary antibody and CDP-Star chemiluminescence reagent (NEN Life 
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Sciences, Boston, MA).  Densitometry was performed using a BioRad Gel 

Documentation System. The membrane was also probed with an anti-cbl-b antibody to 

control for lane loading variation (97). 

 

Organelle specific Western Immunoblotting:   

Purity of the mitochondrial fraction was established by measuring the levels of marker 

proteins for cytochrome oxidase (Cyto Ox) from Molecular Probes (Eugene, OR) 

[mitochondria] (79) and catalase Abcam (Cambridge, MA ) [peroxisomes] by western 

immunoblotting as previously described (78).   Briefly, 30 μg of mitochondrial, nuclear, 

cytosolic or total protein was separated by SDS-PAGE using BioRad’s Kaleidoscope 

Prestained Standards.  The protein was transferred onto PolyScreen PVDF membranes 

(NEN Life Sciences) and the membranes blocked then probed with antibodies described 

above.  Bands were visualized as described above by chemiluminescence.  Percent of 

total density was determined by combining the density of mitochondrial and peroxisomal 

Cyto Ox or catalase, respectively, and then dividing each band's density by the total 

density to get the % of total.   

 

RNA Isolation and real-time PCR:   

T-lymphocyte RNA was isolated from whole cells by acid guanidinium thiocyanate-

phenol-choloroform extraction method.   Briefly, 1x107 cells were pipetted repeatedly in 

1 ml RNA STAT-60TM (TEL-TEST “B”, INC, Friendswood, TX).  Cell suspensions were 

stored for 5 minutes at room temperature then 200 µl of chloroform was added for each 
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ml of RNA STAT-60TMused. Samples were vortexed vigorously for 15 seconds and 

allowed to stand at room temperature for 2-3 minutes.  Following centrifugation at 

12,000 xg for 15 min at 4oC, the homogenates were separated into a lower 

phenol/chloroform phase and the RNA in the upper aqueous phase was transferred to 

fresh tubes containing 500 µl isopropanol.  After standing at room temperature for 5 

minutes, samples were centrifuged at 12,000 xg for 10 min at 4oC.  The supernatant was 

removed and the RNA pellet was washed once with 1 ml of 75% ethanol by vortexing 

and subsequent centrifugation at 7,500 xg for 5 minutes at 4oC.  The RNA pellet was 

dried briefly by air-drying and dissolved in diethylpyrocarbonate (DEPC)-treated water 

by vigorous pipetting and gentle heating at 55oC for 10 minutes. RNA was quantitated 

spectrophotometrically. 

 ACBP and mtGPAT1 and mtGPAT2 (accession number XP_238283) TaqMan  

primers and probes were designed with the PrimerExpress software package (PE Applied 

Biosystems, Foster City, Calif.). The TaqMan probes were labeled at the 5' end with the 

FAM reporter (6-carboxyfluorescein) and were labeled at the 3' end with the quencher 

dye TAMRA (6-carboxy-tetramethyl-rhodamine). Primer and probe sequences are listed 

in Table 3.1. For the TaqMan assay, 1 µl of RNA was combined with 36 nM of each 

primer, 800 pM of the FAM- and TAMRA-labeled probe, and 0.625 μL of 40X RT 

Solution in a 25 µl total reaction volume using the TaqMan Multiscribe One-step PCR 

Master Mix (PE Applied Biosystems, Foster City, Calif) to reverse transcribe and amplify 

template RNA. The samples were subjected to 45 cycles of amplification in an ABI Prism 

7700 Sequence Detection System instrument (PE Applied Biosystems, Foster City, Calif) 
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according to the manufacturer's protocol for TaqMan assay RT-PCR cycling conditions. 

Quantitation of ACBP and GPAT gene transcripts was calculated using the ΔCT method 

as described in the ABI User Bulletin #2.  For further details please see the ABI website, 

(http://docs.appliedbiosystems.com/pebiodocs/04303859.pdf).  Briefly, the ΔCT is 

computed by subtracting the Calibrator CT from the average CT for each T-lymphocyte 

sample. The ΔΔCT is the same number, as we are using an external calibrator rather than 

an internal normalizer. Finally, the calculation 2^(-ΔΔCT) is computed in order to 

determine each tissue’s % expression of the Calibrator RNA.  Second, quantitation of 

ACBP and GPAT gene transcripts was calculated using an endogenous control, or 

normalizer, gene expression.  We used the β glucuronidase control kit from ABI as our 

control for gene expression with aging.  The ΔCT is computed by subtracting the 

Normalizer CT from the CT for each T-lymphocyte sample. The ΔΔCT is then calculated 

by subtracting the ΔCT of the young samples from the ΔCT of the old samples. Finally, 

the calculation 2^(-ΔΔCT) is computed in order to determine the old T-lymphocyte 

expression as a percentage of young T-lymphocyte expression, both normalized to the 

endogenous control,  β glucuronidase.   

 

Immunoprecipitation of GPAT and Phosphoprotein Staining:   

Phosphorylation of young unstimulated and stimulated mitochondria, 700 µg each, was 

carried out as described above.  Following phosphorylation, mitochondria were kept on 

ice for subsequent separation by SDS PAGE.  At the same time, young unstimulated 

mitochondria was phosphorylated and then subjected to immunoprecipitation for GPAT 
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as described previously (91).  Mitochondria were washed with ice-cold PBS and 

centrifuged at 14,000 xg for 5 minutes at 40C.  Mitochondria were solubilized with ice-

cold RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X PBS, pH 7.2) 

for 15 minutes on ice.  Mitochondria were incubated with 10 μL anti-GPAT antibody and 

rotated overnight at 40C.  Protein A/G plus agarose (60 μL) was added and the mixture 

was rotated again at 40C for 2 hours.  The mixture was pelleted at 2,000 g for 2 minutes 

at 40C and the beads washed 2 times with NETN (0.5% NP-40, 900 mM NaCl, 1 mM 

EDTA, 20 mM Tris pH 8.0).  The bead slurry was suspended in 2X Laemmli sample 

buffer, boiled for 10 minutes and the supernatant (immunoprecipitated protein) was 

collected, cleaned by methanol:chloroform:water (1.5:1.5:4.5) extraction and separated 

using standard SDS-PAGE techniques.  Gels were fixed in 50% methanol:10% acetic 

acid solution for 60 minutes at room temperature and washed three times in ultrapure 

water for 10 minutes each.  Gels were stained for phosphorylated proteins using ProQ 

Diamond Phosphoprotein Gel Stain (Molecular Probes) for 90 minutes at room 

temperature.  Gels were destained to reduce the background signal using 5:75:20 sodium 

acetate, water, acetonitrile solution for 30 minutes at room temperature.  Gels were 

washed three times in ultrapure water for 10 minutes each and phosphorylated bands 

were visualized using a Molecular Dynamics FSI fluorimager with excitation and 

emission wavelengths 535 and 555 nm, respectively. Proteins from stained gels are not 

transferred sufficiently to PVDF membranes for probing with anti-GPAT antibody, 

therefore, samples were run in parallel, transferred and immunoblotted for anti-GPAT as 

described above. 

 52



Statistical Analysis:   

Statistical significance was determined using one-way analysis of variance (ANOVA).  

Data were considered significantly different at p<0.05.  Post hoc analysis was conducted 

using Tukey’s multiple comparison test with GraphPad Prism software (San Diego, CA). 

A p<0.05 was considered significantly different. 

 

 

3.4 Results 

 As a potential explanation for the reduced mtGPAT activity in anti-CD3 

stimulated T-lymphocytes, we first examined mtGPAT gene expression and protein 

levels in splenic T-lymphocytes from young and old rats via real-time PCR and Western 

immunoblotting, respectively.  Figure 3.1 shows that neither stimulation nor aging altered 

mtGPAT protein levels.  Using isoform specific primers for mtGPAT1 and mtGPAT2 

(Figure 3.2), only mtGPAT1 was detected in T-lymphocytes, as mtGPAT2 was not 

expressed at high enough levels to be identified above background, even when template 

RNA was increased to 2 µg as opposed to the normal 10 pg to 100 ng range.  Liver RNA 

samples were examined in parallel as a positive control and both mtGPAT1 and 

mtGPAT2 were detected.  Aging did not significantly affect mtGPAT1 gene expression 

in unstimulated T-lymphocytes (Figure 3.2).   

Next, we determined the effect of aging and stimulation on endogenous ACBP 

gene expression and protein levels (by real-time PCR and Western immunoblotting, 

respectively) since endogenous ACBP could play a role in the regulation of mtGPAT 
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activity in intact T-lymphocytes.  Figure 3.1C and 3.1D show the effect of aging and 

stimulation on ACBP protein levels.  Young T-lymphocytes contained approximately 

50% more ACBP protein than old T-lymphocytes.  Stimulation did not have a significant 

effect on protein levels.  Similarly, there was a significant reduction (approximately 80%) 

in ACBP mRNA levels in old versus young T-lymphocytes (Figure 3.2D and E).   

 The data in Figures 3.1 and 3.2 suggest that aging is not altering mtGPAT activity 

at the transcriptional or translational level.  Therefore, we examined whether aging and 

stimulation influenced the response of mtGPAT to in vitro phosphorylation using 

exogenous CK2 (Figure 3.3) or PCKθ (Figure 3.4).  Figure 3.3A and 3.3B show, as we 

have previously demonstrated, that stimulation of young rat T-lymphocytes results in an 

approximately 3-fold increase in mtGPAT activity.  Treating unstimulated mitochondria 

with CK2, with or without rACBP, increases GPAT activity with the greatest increase in 

activity (3-fold) seen in the presence of rACBP.  Following incubation with CK2, 

treatment with lambda phosphatase (Ppase) inhibits GPAT activity.  In contrast, in 

stimulated mitochondria, CK2 inhibits mtGPAT activity and subsequent Ppase treatment 

did not have a significant effect on GPAT activity.  Figures 3.3C and 3.3D show that 

aging blunts the effect of stimulation on mtGPAT activity and that there was no 

significant change with exogenous CK2 or Ppase treatment in old T-lymphocyte 

mitochondria.   

Figure 4 shows the influence of PKCθ on GPAT activity in young and old 

mitochondria.  In unstimulated T-lymphocyte mitochondria from young rats, without 

rACBP, PKCθ treatment significantly increases GPAT activity by 1.6-fold.  This increase 
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is reversed by subsequent Ppase treatment (Fig 3.4A).  In contrast, with rACBP, 

mitochondrial GPAT activity from both stimulated and unstimulated T-lymphocytes was 

reduced by 43% and 65% respectively, following PKCθ treatment.  GPAT activity was 

restored by subsequent treatment with Ppase.  Figures 3.4C and 3.4D show that the effect 

of stimulation, PKCθ and Ppase treatment was blunted by aging.   

To determine whether mtGPAT is directly phosphorylated, mtGPAT was 

immunoprecipitated  following the in vitro phosphorylation assay with CK2 or PKCθ 

(Figure 3.5A).   Phosphoprotein staining of the immunoprecipitate detects a band 

migrating at 85kDa, which is the same molecular weight as mtGPAT.  In CK2-treated 

mitochondria, a smaller band migrating at approximately 40 kDa was also detected.  This 

protein band may be a product of protein breakdown of either mtGPAT or the anti-

mtGPAT antibody.  To confirm that the phosphorylated bands are phosphorylated 

mtGPAT, we also performed control experiments showing untreated, phosphorylated, 

and dephosphorylated mtGPAT immunoprecipitates from unstimulated T-lymphocytes 

(Figure 3.5B).  Lane 1 shows that a phosphorylated protein was not detected in untreated 

samples but was detected following CK2 treatment (Lane 2).  We used CK2 because it 

showed the greatest effect in the phosphorylation assay.  Phosphatase treatment following 

the CK2 assay removed the phosphoprotein band (Lane 3).  Aliquots of the samples 

shown in Figure 5B were used for western immunoblotting and to confirm that the 

phosphorylated band contained mtGPAT (Figure 3.5C).   

 We show that reduced GPAT activity in aged T-lymphocytes correlates with 

reduced proliferation, however, there has been no cause and effect relationship 
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established.  Therefore, we next examined the ability of T-lymphocytes from mtGPAT1 

deficient mice to proliferate in response to in vitro stimulation.  The proliferative 

response of splenic T-lymphocytes from mtGPAT1 knockout mice was significantly 

reduced at 24 and 48 hours post-stimulation by 40% and 30% respectively (Figure 3.6).   

In addition to changes in the response to phosphorylation, age and/or stimulation 

may alter mitochondrial membrane integrity, which may influence mtGPAT activity or 

alter the soluble palmitoyl-CoA pool presumably making palmitoyl-CoA available for 

utilization by mtGPAT.  Mitochondria from young and old rat T-lymphocytes were 

incubated with [14C] palmitoyl-CoA to allow uptake into the mitochondria.  Then, 20 µM 

rACBP was either added to the samples or they were left without rACBP.  Results 

indicate that without rACBP, the majority (80-90%) of [14C] palmitoyl-CoA partitioned 

into the membrane phase.  Neither aging nor stimulation had a significant effect on [14C] 

palmitoyl-CoA membrane localization.  When rACBP was added, there was a nearly 

equal distribution of [14C] palmitoyl-CoA between the membrane and the aqueous phases 

and there was no influence on partitioning due to aging or stimulation (data not shown).  

Similarly, neither aging nor stimulation significantly influenced mitochondrial fatty acid 

composition (Table 3.2).   

We have previously shown with N-ethylmaleimide (NEM) treatment that the 

mtGPAT samples are not contaminated with microsomal GPAT (90).  To ensure that 

mtGPAT was the only source of PA, because PA can be generated in peroxisomes by 

dihydroxyacetone phosphate acyltransferase, we determined the purity of subcellular 

fractions used for the mtGPAT assays.   The peroxisomal marker, catalase, was found 
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primarily in the total protein and nuclear fractions.  There was a negligible amount of 

catalase detected in mitochondrial fractions.  As expected, the mitochondrial marker 

cytochrome oxidase was found only in the nuclear and mitochondrial fractions (Figure 

3.7A).  It should be noted that the nuclear fraction was a crude extract that was a 

byproduct of mitochondrial isolation.  As a result, the nuclear fraction may also contain 

cells that were not lysed during the original homogenization.     

Age or stimulation may influence the retention of endogenous ACBP on 

mitochondrial membranes, which may explain some of our observations.  Therefore, the 

location of ACBP in T-lymphocyte organelles was examined (Figure 3.7B).  Control 

experiments with established subcellular markers were performed previously to ensure 

purity of subcellular organelles.  ACBP was found primarily in total protein and nuclear 

fractions.  As noted above, nuclear fractions also contain unlysed cells and are not 

purified nuclei.  Hence, ACBP found in the nuclear fraction may actually represent 

protein from the whole cell.  A faint band of endogenous ACBP protein was also found in 

both cytosolic/microsomal and mitochondrial fractions, but the location of ACBP was not 

altered by age or stimulation.  This is significant because it shows, for the first time, that 

ACBP may associate with the mitochondria tightly enough to withstand organelle 

fractionation and therefore, may be important to many mitochondrial processes such as 

glycerolipid biosynthesis and β-oxidation.   
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3.5 Discussion 

 It has recently been shown that phosphorylation is a novel mechanism by which 

mtGPAT activity can be increased in the liver (91).  We show here that, similar to liver, 

mtGPAT activity can be increased by in vitro phosphorylation with CK2 in young rat 

splenic T-lymphocytes.  Our data are consistent with our previous observations showing 

that in vitro phosphorylation can increase mtGPAT activity in the human T-lymphocyte 

cell line Jurkat (90).  We extend those observations here by showing for the first time that 

PKCθ can also increase mtGPAT activity in T-lymphocytes although CK2 was a much 

more effective activator.  This is significant because PKCθ is considered to the major 

PKC isoform involved in regulating T-lymphocyte proliferation (98) and inhibiting CK2 

activity in Jurkat T-lymphocytes induces apoptosis (99).  The mechanism by which CK2 

and PKCθ activate mtGPAT may be through direct phosphorylation as has been 

suggested for CK2 phosphorylation of rat liver mtGPAT (54) (91).  Our data are 

consistent with a direct phosphorylation event based on two observations.  First, 

immunoprecipitated mtGPAT from the in vitro phosphorylation assays shows a 

phosphoprotein band at 85 kDa, which is the molecular weight of mtGPAT.  Second, the 

phosphoprotein band is more intense in the immunoprecipitate from the CK2 assay 

relative to the PKCθ assay, which is consistent with CK2 being more effective at 

increasing mtGPAT activity.  Since T-lymphocytes express only mtGPAT1, this data 

suggests that at least mtGPAT1 is sensitive to phosphorylation.  It is not known if 

mtGPAT2 is also regulated by phosphorylation.  Our data showing that CK2 and PKCθ 

regulate mtGPAT activity is highly relevant because the immunology field has now 
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recognized the importance that dietary changes have on signaling pathways of 

macronutrient metabolism (100).  To date, most of this effort has focused on enzymes in 

carbohydrate metabolism especially events on the mitochondria where evidence suggests 

that signaling proteins may cluster to form what is referred to as signal transduceosomes 

(101).  Furthermore, we show that mtGPAT1 deficiency reduces T-lymphocyte 

proliferation ex vivo.  We provide novel evidence that signaling pathways may also target 

lipid metabolic enzymes important for T-lymphocyte proliferation as well.   

 We recently established a correlation between reduced mtGPAT activity and 

suppressed proliferation in splenic T-lymphocytes from old rats (90).  Here we provide 

novel evidence suggesting that a cause/effect relationship does exist between mtGPAT 

activity and T-lymphocyte proliferation by showing suppressed T-lymphocyte 

proliferation in mtGPAT1 deficient mice.   To the best of our knowledge, this is the first 

report showing that knocking out a glycerophospholipid metabolic enzyme can 

dramatically reduce T-lymphocyte proliferation.   

 The inability of CK2 and PKC to increase mtGPAT activity in vitro in aged T-

lymphocytes is consistent with the inability of anti-CD3 stimulation to increase mtGPAT 

activity in aged T-lymphocytes.  It is well-documented that aging reduces the activity of 

many signal transduction pathways derived from anti-CD3 stimulation including reduced 

PKC activity as reviewed in Hirokawa et. al (1999) (2).  It is interesting to point out that 

the lack of effect of in vitro phosphorylation in aged T-lymphocyte mitochondria 

suggests that even if the signaling pathways were intact, they would not be able to 

properly activate mtGPAT.  This may be explained by either some additional cofactor 
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(i.e. another protein) or that the enzyme itself has been structurally altered by aging.  It is 

unlikely that this cofactor was lost during mitochondrial isolation since the in vitro 

phosphorylation is effective in young T-lymphocyte mitochondria.   

 Several lines of evidence suggest that altered phosphorylation may be the major 

mechanism by which mtGPAT activity is influenced by aging or stimulation in T-

lymphocytes.  First, mtGPAT activity in unstimulated mitochondria is not altered by 

aging when rACBP is not present.  Second, mtGPAT protein levels were not influenced 

by aging or stimulation.  The antibody used for mtGPAT cannot differentiate between 

mtGPAT1 and mtGPAT2 therefore we examined the gene expression of each isoform in 

T-lymphocytes.  We found that mtGPAT1, but not mtGPAT2, is expressed in T-

lymphocytes and its expression is not influenced by aging.  The lack of mtGPAT2 

expression in T-lymphocytes shows that the age-dependent effect on mtGPAT activity is 

not due to isoform switching.    Third, the age effect on PA biosynthesis was not due to 

peroxisomal contamination since we did not find a significant amount of peroxisomal 

marker in the mitochondrial fraction in our assays.  Fourth, significant changes in 

mitochondrial fatty acid composition were not observed with age or stimulation 

suggesting that there were no dramatic changes in the membrane environment.  Fifth, 

aging and stimulation did not alter the partitioning of palmitoyl-CoA between the 

aqueous and membrane phases with or without rACBP, indicating that decreased levels 

of soluble acyl-CoA hence decreased substrate availability to mtGPAT is not a plausible 

mechanism.   
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  We use rACBP in our GPAT assays instead of the traditional albumin because 

ACBP is a more physiologically relevant lipid binding protein because ACBP, but not 

albumin, is found inside cells.  ACBP has been found in all tissues examined to date (34) 

(33).  We have recently shown that ACBP is found in rat splenic T-lymphocytes (94). 

Although the concentration of ACBP in T-lymphocytes is not known, the concentration 

we used in our assays is within the physiological concentration range found in liver 

(102). The role of ACBP in T-lymphocyte function is currently unknown.  In our aging 

model we find that ACBP expression is reduced.  Because aged T-lymphocytes do not 

proliferate properly, it suggests that ACBP may have a positive role in proliferation.  This 

suggestion is supported by previous observations where ACBP was associated with 

increased proliferation (44).  Stimulation did not impact ACBP expression in either 

young or old T-lymphocytes, which is not surprising because our stimulation time is only 

30 minutes.  We have found that ACBP gene expression is increased at later time points 

following anti-CD3 stimulation in rat splenic T-lymphocytes (data not shown).  This is 

important point because it indicates that aged T-lymphocytes do not increase endogenous 

ACBP expression in an attempt to compensate for the reduced mtGPAT activity.  The 

subcellular localization of ACBP in T-lymphocytes is unknown.  Our western 

immunoblotting data indicates that at least some ACBP is indeed associated with 

mitochondria in subcellular fractions.  However, immunofluorescent techniques in whole 

T-lymphocytes will need to be performed in order to more accurately determine the 

relative amount of ACBP that localize to mitochondria.   
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 Taken together, our data provide evidence for a novel mechanism by which aging 

reduces T-lymphocyte proliferation via alterations in phosphorylation dependent 

mtGPAT1 activity.  Furthermore, we provide evidence that mtGPAT1 deficient mice 

may serve as an excellent new model to examine the role of mtGPAT1 on cellular 

proliferation.  The correlation between changes in membrane lipid composition and 

reduced T-lymphocyte proliferation with age has been recognized for over 20 years.  We 

are the first to report a biochemical mechanism, which may explain some of these 

changes.  The data generated here in the T-lymphocyte may also be relevant to other cells 

and tissues of the body since both mtGPAT and ACBP are ubiquitously expressed.  

Furthermore, our data indicate that when determining lipid metabolic targets in liver and 

adipose tissue in the context of diabetes and other diseases aimed at dietary and 

pharmacologic therapy it is important to consider that the immune system, especially the 

T-lymphocyte, may be influenced as well.    

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 62



Figure 3.1 – mtGPAT1 (A/B) and ACBP (C/D) Protein Levels 
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Fig. 3.1.  Effect of aging on mitochondrial mtGPAT1 and ACBP protein levels.  Splenic 
T-lymphocytes were isolated from young (6 month) and old (18 month) rats.  T-
lymphocytes were cultured with (stimulated [S]) or without (unstimulated [US]) with 
plate-bound anti-CD3 for 30 minutes and protein levels measured by Western 
immunoblotting using an antibody specific for mtGPAT1 (A,B) or ACBP (C,D), as 
described in the Materials and Methods.  One representative immunoblot is shown (top) 
and the densitometry (below) for each protein.  *Significantly different (p<0.05) from the 
young group. 
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Figure 3.2 – mtGPAT1 (A/B), mtGPAT2 (C) and ACBP (D/E)Gene Expression 
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Fig. 3.2.  Impact of aging on mitochondrial mtGPAT isoform and ACBP gene 
expression.  Splenic T-lymphocytes were isolated from young (6 month) and old (18 
month) rats and cultured with (stimulated) or without (unstimulated) plate-bound anti-
CD3 as described in Figure 1.  After 30 minutes of stimulation, total RNA was isolated 
and quantitative real-time PCR was performed as described in the Materials and 
Methods.  Liver RNA was used as the calibrator and positive control (A)(C).  (A) 
mtGPAT1, (B) Values represent % expression when compared to the endogenous 
control, β glucuronidase, and (C) mtGPAT2.    (D) Values  for ACBP represent 2^(-
ΔΔCT) , which is computed in order to determine each tissue’s % expression of the 
calibrator, liver, RNA.  (E) Values for ACBP represent % expression when compared to 
the endogenous control, β glucuronidase.  Each experiment was done a minimum of 3 
times, each sample in triplicate.  *Significantly different (p<0.05) from the young group. 
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Figure 3.3 – CK2 Phosphorylation of mtGPAT 
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Fig. 3.3.  Regulation of mitochondrial GPAT 1 activity by CK2.  Splenic T-lymphocytes 
were isolated from young (6 month) and old (18 month) rats and cultured with 
(stimulated [STIM]) or without (unstimulated [UNSTIM]) plate-bound anti-CD3 as 
described in Figure 1.  After 30 minutes of stimulation, mitochondria were isolated as 
described in the Materials and Methods.  Mitochondria from young (A&B) or old (C&D) 
T-lymphocytes were incubated with CK2 either without (A/C) or with (B/D) 20 µM 
rACBP for 30 minutes followed by treatment with lambda phosphatase for 30 minutes.   
CK2 reactions run in parallel with T-lymphocyte mitochondria were used for treatment 
with alkaline phosphatase (Ppas).  Mitochondria were assayed for mtGPAT1 activity as 
described in Materials and Methods.  The lipids were extracted, PA isolated by thin layer 
chromatography and PA biosynthesis quantitated by scintillation counting as described in 
Materials and Methods.  Values represent the mean ± SEM of five individual rats.   
* Significantly different (p<0.05) from the control, untreated group. 
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Figure 3.4 – PKCθ Phosphorylation of mtGPAT 
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Fig. 3.4.  Regulation of mitochondrial GPAT 1 activity by PKC θ.  Splenic T-
lymphocytes were isolated from young (6 month) and old (18 month) rats and cultured 
with (stimulated) or without (unstimulated) plate-bound anti-CD3 as described in Figure 
1.  After 30 minutes of stimulation, mitochondria were isolated as described in the 
Materials and Methods.  Mitochondria from young (A&B) or old (C&D) T-lymphocytes 
were incubated with PKC θ either without (A/C) or with (B/D) of 20 µM rACBP 
followed by treatment with lambda phosphatase [Ppas].  Mitochondria were assayed for 
mtGPAT1 activity as described in Materials and Methods.  The lipids were extracted, PA 
isolated by thin layer chromatography and PA biosynthesis quantitated by scintillation 
counting as described in Materials and Methods.  Values represent the mean ± SEM of 
five individual rats.  * Significantly different (p<0.05) from the control, untreated group. 
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Figure 3.5 –  Phosphorylation of Total Mitochondria and GPAT Immunoprecipitate 
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Fig. 3.5.  Immunoprecipitation of mtGPAT1 following in vitro phosphorylation.  
Stimulated [S] and unstimulated [US] splenic T-lymphocyte mitochondria were 
phosphorylated by CK2 (top) and PKCθ (bottom).  Then, total mitochondrial protein or 
mitochondria that were immunoprecipitated with an antibody to mtGPAT1 were 
separated by SDS-PAGE, stained for phosphorylated and visualized with a fluorimager as 
described in the Materials and Methods (Fig 5A).  Controls showing untreated, 
phosphorylated, and dephosphorylated  mtGPAT immunoprecipitates from unstimulated 
T-lymphocytes were also separated by SDS-PAGE and stained for phosphorylated 
proteins as described above (Figure 5B).  An aliquot of the samples shown in Figure 5B 
were used for western immunoblotting as described in Materials and Methods (Figure 
5C).   
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Figure 3.6 – T-lymphocyte Proliferation in Wild Type and mtGPAT Knockout Mice
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Figure 3.6  Proliferation in wild type and mtGPAT knockout mice.  Prolilferation was 
measured in stimulated (24, 48 hours) and unstimulated splenic T-lymphocytes using the 
MTT assay as described in the Materials and Methods.  Each value represents the average 
from 3 mice.  *Significantly different (p<0.05) compared to the wild type mice. 
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Figure 3.7 – Purity of Mitochondria and ACBP Localization 
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Fig. 3.7.  Purity of mitochondrial fractions and ACBP protein levels.  Splenic T-
lymphocyte total protein, mitochondrial, nuclear, and cytosolic/microsomal fractions 
were isolated as described in the Materials and Methods.  Aliquots from each fraction 
were analyzed by western immunoblotting using antibodies specific to the mitochondrial 
enzyme Cytochrome Oxidase (Cyto Ox) and the peroxisomal enzyme Catalase as 
described in the Materials and Methods section.  (A) Representative immunoblot where 
each lane represents 1 rat.  (B) Endogenous ACBP protein levels in T-lymphocyte 
organelles.  Splenic T-lymphocyte total protein, mitochondrial, nuclear, and cytosolic 
fractions were isolated as described in the Materials and Methods.  Aliquots from each 
fraction were analyzed by western immunoblotting using an antibody specific to ACBP.  
A representative immunoblot is shown. 
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Chapter 4 

T-lymphocytes From Mitochondrial Glycerol-3-Phosphate Acyltransferase Deficient 

Mice Are Functionally Similar to Aged T-lymphocytes 

 

4.1  Abstract 

 Aging reduces T-lymphocyte proliferation ex vivo and correlates with both 

reduced mtGPAT activity and reduced membrane glycerophospholipid levels.   GPAT 

catalyzes the rate-limiting step in glycerophospholipid biosynthesis and presumably 

controls the positional distribution of fatty acids in the plasma membrane.  Therefore, we 

tested the hypothesis that mtGPAT1 knockout mice would have altered T-lymphocyte 

membrane glycerophospholipid levels and reduced T-lymphocyte proliferation ex vivo.  

We show, for the first time, that mtGPAT1 knockout T-lymphocytes exhibit similar 

changes as those induced by aging including reduced splenic T-lymphocyte proliferation 

and IL-2 secretion, reduced splenic and thymic membrane glycerophospholipid to 

cholesterol ratio, altered thymic development, and increased cell death following 

stimulation of splenic T-lymphocytes.  mtGPAT1 knockout T-lymphocytes also had 

reduced levels of  palmitate and increased arachidonate in membrane 

glycerophospholipids.  The increase in arachidonate levels was functionally significant 

because it resulted in increased production of PGE2, a known direct inhibitor of T-

lymphocyte proliferation (103).  The data here build on our recent findings to suggest a 

novel mechanism by which T-lymphocyte function is regulated.  Perhaps most 

importantly, however, is the observation that mtGPAT1 knockout T-lymphocytes are 
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functionally similar to aged T-lymphocytes indicating that mtGPAT1 knockout mice may 

be a new model for aging.   

 

 

4.2  Introduction 

 PA is the common precursor for the de novo biosynthesis of glycerophospholipids 

and triglycerides (13).  The first and rate-limiting step in PA biosynthesis is the acylation 

of G-3-P at the sn-1 position to L-PA via GPAT.  L-PA is subsequently acylated at the 

sn-2 position to PA via AGPAT.  Two genes encode functionally distinct GPAT enzymes 

one located on the mitochondria and the other on the endoplasmic reticulum 

(microsomes).  mtGPAT is an 85 kD protein that shows a preference for saturated fatty 

acids, whereas microsomal GPAT shows no preference, acylating G-3-P with saturated 

and unsaturated fatty acids similarly (29).  The majority of membrane 

glycerophospholipids contain a saturated fatty acid at the sn-1 position and an unsaturated 

fatty acid at the sn-2 position, therefore it is thought that mtGPAT is the major source of 

L-PA for membrane glycerophospholipid synthesis.  Following the initial acylation, L-

PA is presumably transported to the microsome for its final acylation to PA via AGPAT 

(30).   

 

 Mitochondrial GPAT activity is acutely regulated by dietary and hormonal 

changes, potentially through altered intracellular signaling processes.  For example, liver 

mtGPAT is controlled at the posttranslational level by a variety of mechanisms including 
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treatment with insulin or epidermal growth factor (51) and phosphorylation by AMP-

activated  kinase 1 or 2 (52).  We have previously shown that T-lymphocyte mtGPAT 

activity is regulated ex vivo by stimulation, which mimics antigenic activation in vivo, 

and by in vitro phosphorylation (90).  However, aged T-lymphocytes do not exhibit 

increased mtGPAT activity following stimulation or in vitro phosphorylation of purified 

mitochondria by CK2 or PKCθ, as do young T-lymphocytes (Collison, in press).  The 

correlation we show between reduced T-lymphocyte proliferation and mtGPAT activity 

coupled with previous reports of an altered glycerophospholipid to cholesterol ratio in 

aged T-lymphocytes suggests that mtGPAT may be crucial to appropriate T-lymphocyte 

activation and subsequent proliferation through membrane receptor mediated signaling 

pathways. 

 

 Recently mtGPAT deficient mice were generated to verify the role of mtGPAT in 

liver glycerophospholipid and triglyceride synthesis in vivo (57).  Interestingly, following 

knockout by homologous recombination of mtGPAT, the mice still retained modest 

amounts of mtGPAT activity and the mice were then referred to as being mtGPAT1 null.  

This lead to the subsequent cloning of a second mtGPAT isoform, mtGPAT2, in liver 

(accession number XP_238283).  mtGPAT1 deficient mice have reduced overall body 

and fat pad weights.  They also exhibit altered blood lipid profiles including decreased 

plasma triglyceride and VLDL levels.  In the liver, glycerophospholipid palmitate content 

was reduced and arachidonic acid content increased confirming the role of mtGPAT1 in 

the positioning of fatty acids in liver glycerophospholipids (57). 
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 Aging is associated with thymic involution resulting in reduced production of new 

T-lymphocytes.  Thymic development occurs in stages, beginning with bone-marrow 

derived progenitors that are identified as double negative (DN) cells because they express 

neither CD4 nor CD8 like mature T-lymphocytes.  The DN stage can be divided into 4 

sub-stages described as DN1 (CD44+ CD25-), DN2 (CD44+ CD25+), DN3 (CD44- 

CD25+) and DN4 (CD44- CD25-).  Following the DN4 stage, progenitor T-lymphocyte 

development into the double positive (DP) stage (CD4+/CD8+).  At the DN3 and DN4 

stages, genes for TCR β chains are rearranged although it is not until the DP stage, that 

the TCR α chains are rearranged and that α and β chains are expressed on the cell surface 

as the functional TCR.    DP thymocytes with functional TCR then undergo positive and 

negative selection.  DP T-lymphocytes then differentiate into either CD4 single positive 

(CD4+) or CD8 single positive cells (CD8+) which are the developmentally mature cells 

that are exported from the thymus into the peripheral lymphoid organs such as the spleen 

and lymph nodes.  Increased numbers of DN cells in the aging thymus have been reported 

(104).  In addition, aged humans as well as humans who have prematurely reduced 

thymic output due to autoimmune diseases such as rheumatoid arthritis, multiple 

sclerosis, and myasthenia gravis, exhibit a substantial loss of TCR β chain diversity (105) 

(106). 

 

 Aging is associated with reduced IL-2 secretion and subsequent T-lymphocyte 

proliferation in response to stimulation through the TCR.  Our lab has recently shown 

that aged T-lymphocytes also fail to increase mtGPAT activity following stimulation as 

 73



occurs in young T-lymphocytes (90).  In addition, we found that T-lymphocytes express 

mtGPAT1 but not mtGPAT2 regardless of age, showing that the mtGPAT1 knockout 

mice actually lack mtGPAT1 in T-lymphocytes (Collison in press).  Because aging is 

associated with both reduced glycerophospholipid levels and reduced mtGPAT1 activity, 

we would like to determine if there are changes in glycerophospholipid  mass in 

mtGPAT1 knockout T-lymphocytes as seen in liver.  Correlative data in liver suggests 

that mtGPAT1 is responsible for the positional distribution of fatty acids in 

glycerophospholipids.  However, a causal relationship between reduced mtGPAT1 

activity, altered glycerophospholipid mass, and T-lymphocyte function has yet to be 

determined.  Therefore, our current aim was to verify the importance of mtGPAT in de 

novo glycerophospholipid biosynthesis and T-lymphocyte proliferation using mtGPAT1 

knockout mice. 

 

 

4.3  Methods 

 

Materials 
 All antibodies were purchased from BD Pharmingen (La Jolla, CA) unless 

otherwise noted in the text.  All chemicals were reagent grade or better from Sigma-

Aldrich (St. Louis, MO).   
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Mice, T- lymphocyte isolation, and stimulation 

C57BL/6 mtGPAT1 knockout mice were obtained from Dr. Rosalind Coleman 

(University of North Carolina at Chapel Hill).  Mice were housed on a 12 hour light/dark 

cycle, with free access to food and water.  At 6-8 weeks of age, splenic T-lymphocytes 

were isolated from wild type, heterozygous, and knockout mice using negative selection 

Immulan columns (Biotecx, Inc., Houston, TX) as per the manufacturer’s instructions, 

yielding a 90% pure splenic T-lymphocyte population.  Isolation by negative selection 

prevents perturbation of the T- lymphocyte’s receptor during the isolation procedure, as 

occurs with isolation via positive selection.  Purified thymocytes were obtained by the 

use of lymphocyte separation media (VWR International, West Chester, PA).  T-

lymphocytes were counted using the Cell-Dyn 900 Hematology Analyzer (Sequoia-

Turner Corp., Mountainview, CA).  T-lymphocytes, 2.5x107 cells per petri dish, were 

stimulated at 37oC for the indicated times in pre-warmed complete culture media (10% 

heat inactivated fetal bovine serum plus 100 U/ml penicillin, 100 µg/ml streptomycin, 10  

µM 2-mercaptoethanol, and 100 mM L-glutamine) with either 10 µg/ml plate-bound anti-

CD3 and 1 µg/ml anti-CD28 in NaHCO3 or 10 nM phorbol myristate acetate (PMA) and 

1 µM ionomycin.  All animal procedures used were approved by the University of Texas 

Animal Use and Care Committee.   

 

T-lymphocyte proliferation 
 Splenic T-lymphocytes were cultured at 37oC with complete media in the 

presence or absence of 10 μg/ml plate-bound anti-CD3 for 0, 8, 16, 20, 24, 48 or 72 hours 
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as described in the text.  T-lymphocyte proliferation was measured using the MTT Cell 

Proliferation Assay as described by the manufacturer (American Type Cell Culture, 

Manassas, VA).  Plastic 96 well plates were pre-coated with either anti-CD3 and anti-

CD28, PMA and ionomycin, or NaHCO3 alone prior to addition of cells.  The CD3/CD28 

plates were incubated in a humidified incubator containing 5% CO2 at 37oC, for 4 hours 

to facilitate binding of the antibody to the wells.  Plates were washed with sterile PBS 

and 1.5 million cells in 100 μl of cell culture media were added to their corresponding 

wells.  Cells were incubated for 18 hours at 37oC to induce proliferation.  Then, 20 μl 

MTT reagent was added to each well, mixed gently, and incubated for approximately 4 

hours.  The cells were permeabilized with 100 μl of detergent and incubated at room 

temperature for 2 hours.  The plate was read at an absorbance of 570 nm and values were 

corrected for background absorbance with wells containing no cells. 

 

IL-2 secretion 

 IL-2 secretion into the culture media was measured using a commercially 

available IL-2 ELISA kit from eBioscience (San Diego, CA).  Stimulated and 

unstimulated cells, prepared as described above for proliferation studies, were pelleted 

and their supernatant collected.  The ELISA was performed according to the 

manufacturer's instructions using Nunc Maxi-sorb 96 well plates.  IL-2 was quantitated 

using IL-2 standards supplied by the manufacturer and then reading the absorbance at 

450 nm ,with a reference filter of 570 nm, using an UltraMarc plate reader (BioRad, 
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Hercules, CA).   All samples were run in triplicate and the average absorbance used for 

quantitation. 

 

Fatty acid analysis by gas chromatography 

 Fatty acid analysis was performed on T-lymphocytes.  Lipids were extracted from 

samples with n-hexane:2-propanol 3:2 (v:v) (95).  The lipid extracts were centrifuged at 

800 xg to pellet cellular debris. The lipid-containing supernatants were filtered through a 

0.2 µM nylon filter, dried under nitrogen, and redissolved in methanol.  The samples 

were converted to fatty acid methyl esters (FAMEs) using the method of Brockerhoff 

(96).  Briefly, methanolic KOH was added, followed by 0.2 M aqueous H2SO4.  The 

FAMEs were extracted by n-hexane, dried under nitrogen, and cleaned by thin layer 

chromatography.  The FAMEs were again extracted by n-hexane prior to separation by 

gas-liquid chromatography.  FAMEs were separated using a Varian 3900 gas 

chromatography instrument equipped with a flame ionization detector and a Varian CP-

Wax 52CB WCOT fused silica 50 m x 0.32 mm column.  The injector and detector 

temperatures were set to 200°C and 270°C, respectively.  The split ratio was 1:10, and 

helium was used as the carrier gas at a flow of 1.5 ml/min.  The column temperature was 

initially set to 50°C, increased to 140°C at a rate of 20°C/min, held for 5 min, increased 

to 200°C at 4°C/min, increased to 240°C at 2°C/min, and held for 30 min.  FAME 

standards, as well as a 17:0 internal standard, were used to establish relative retention 

times.  Peak area data was collected and analyzed using Varian Star Chromatography 

Workstation Version 5.52 software (Varian Inc., Palo Alto, CA). 
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Glycerophospholipid mass analysis.   

 Frozen T-lymphocytes were thawed and lipid extraction was initiated by the 

addition of 1ml of 2-propanol to the tube containing the cells.  This was added to a test 

tube containing 3 ml hexane and the original tube containing the cells rinsed with another 

aliquot of 2-propanol.  This results in a quantitative single phase extraction of cellular 

glycerophospholipids and neutral lipids (107) (108).  The single phase extract was 

thoroughly mixed and the residue pelleted by centrifugation at 1000 xg.  The lipid 

containing organic fraction was removed, concentrated to dryness under nitrogen, and 

rehydrated with solvent.  The pellet was kept for protein concentration analysis.  The 

lipid samples were quantitatively spotted on a heat activated Whatman LK6 thin layer 

chromatography plate and developed in a solvent system containing 

chloroform:methanol:acetic acid:water (60:30:3:1 by volume).  Individual bands 

corresponding to commercially prepared standards were scrapped into acid-washed tubes 

and the phosphorus content analyzed (109).   

 The protein pellet was air-dried overnight and then incubated with 0.2 M KOH at 

65 oC overnight to resolubilize the proteins.  Protein concentration was determined using 

bovine serum albumin for the standard curve. 

 

Flow cytometric analysis 

 Splenic T-lymphocytes were cultured with either CD3/CD28, PMA/Ionomycin, or 

without stimulus at 2 x 106 cells per well for 8, 16, 20, 24, 48 or 72 hours.  Both thymic 

and splenic T-lymphocytes were treated with 200 μl 1X RBC Lysis buffer (eBioscience, 
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San Diego, CA) for 2 minutes to lyse any remaining red blood cells that might interfere 

with analysis.  Lysis was ceased with the addition of 5ml PBS and centrifugation at 250 

xg.  Cell pellets were incubated with Fc block for 10 minutes and then stained with 

appropriate antibodies to determine markers of thymic development (CD4, CD8, CD44, 

CD25) or splenic activation (CD3, CD4, CD8, CD69, CD28, CTLA-4, CD25).  Excess 

antibodies were removed by washing with PBS with NaN3 and cells were fixed in 0.5% 

paraformaldehyde in PBS.  Analysis was performed using a BD FACSCalibur flow 

cytometer and CellQuest Pro software (BD Pharmingen, San Diego, CA). 

  Following 20 hours of stimulation with either CD3/CD28 or PMA/Ionomycin, 

splenic T-lymphocytes were analyzed for cell death using the Vybrant Apoptosis Assay 

(Molecular Probes, Carlsbad, CA) as described by the manufacturer.  Cells were stained 

with propidium iodide and annexin V kit components, diluted with binding buffer, and 

analyzed with the BD FACSCalibur flow cytometer and CellQuest Pro software (BD 

Pharmingen, San Diego, CA). 

  

Eicosanoid production 

 EIA kits from Cayman Chemical (Ann Arbor, MI) were used to measure PGE2 

and LTB4 in the cellular supernatant following 20 hours of stimulation as described 

above for proliferation studies.  This assay is based on the competition between the 

eicosanoid in the sample and an eicosanoid-acetylcholinesterase (AChE) conjugate tracer 

for antibody binding.  Briefly, samples (diluted 1:10 in buffer) and standards were 

aliquoted in triplicate into 96-well plates.  Then, a known amount of PGE2- or LTB4-
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tracer was added to the wells, followed by the PGE2 or LTB4 antibody.  The plate was 

washed 5 times to remove unbound reagents and then the AChE substrate contained in 

Ellman’s reagent, was added to each of the wells and incubated for 90 minutes in the 

dark.  The product of the AChE-Ellman’s reagent reaction absorbs strongly at 405-420 

nm.  Therefore, absorbance was measured at 415 nm and the concentration of eicosaniods 

in samples was inversely proportional to the absorbance value.  Concentrations were 

calculated using analysis software provided by the manufacturer 

(www.caymanchem.com/analysis) 

 

Cholesterol measurement 

 Total lipids were extracted by resuspending thymic and splenic T-lymphocytes in 

a 3:2 solution of hexane:propanol.  Cell solution was vortexed and centrifuged at 1000 xg  

for 5 minutes.  The lipid, supernatant, fraction was transferred into glass vials, filtered 

through a 0.2 µm filter with a Norm-ject syringe, and dried under nitrogen.  Lipids were 

then resuspended in 50µl isopropanol with 10% polyoxyethylene octylphenyl ether for 

cholesterol measurement.  Protein pellet was dried overnight at room temperature, 

digested in 0.2 M KOH at 65°C for 1 h and quantitated using the Bradford method.  

Cholesterol was measured in lipid samples using a Free Cholesterol E Microtiter 

procedure from Wako Chemical (Richmond, VA).  The working color reagent was 

prepared by dissolving one bottle of color reagent in one bottle buffer solution.  

Cholesterol standards were prepared using serial dilutions of the standard provided by 

Wako to yield standards representing 197 mg/dl (5.05 nmol/µl), 100 mg/dl (2.56 
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nmol/µl) and 50 mg/dl (1.28 nmol/µl).  Samples were assayed undiluted and at 1:5 and 

1:10 dilution to ensure accuracy of measurements.  Samples, standards and blanks (5 

µL/well) were plated into their appropriate wells and were assayed in triplicate.  The 

color reagent solution (300 µL/well) was added to each well and plates were incubated at 

37°C for 5 minutes.  Absorbance was measured at 600 nm and sample concentrations 

were determined by plotting the absorbance vs. concentration of the standard curve. 

Cholesterol content was expressed as nmol/mg protein following protein quantitation of 

samples. 

 

Statistical Analysis 
 
Statistical significance was determined using one-way analysis of variance (ANOVA).  

Data were considered significantly different at p<0.05.  Post hoc analysis was conducted 

using Tukey’s multiple comparison test with GraphPad Prism software (San Diego, CA). 

A p<0.05 was considered significantly different. 

 

 

4.4  Results 

 

 T-lymphocyte proliferation and IL-2 secretion are the most commonly used 

measures of T-lymphocyte function ex vivo.  Therefore, we first examined IL-2 secretion 

and proliferation in response to stimulation in splenic T-lymphocytes from mtGPAT1 

knockout (-/-), heterozygous (+/-), and wild-type mice (+/+).  Antibodies to CD3 and 
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CD28 were used to stimulate T-lymphocytes ex vivo, as this process mimics in vivo T-

lymphocyte exposure to antigen.  Figure 4.1A shows that mtGPAT1 knockout inhibits T-

lymphocyte proliferation by approximately 15-25% in mtGPAT +/- mice and 25-30% in 

mtGPAT -/- mice following 24, 48, and 72 hours of stimulation with anti-CD3 and anti-

CD28 antibodies.  IL-2 secretion is similarly inhibited, by 35-40% in mtGPAT +/- mice 

and 45-50% in mtGPAT -/- mice at these timepoints (Fig 4.1B).  Figure 4.1C and D show 

that using PMA and ionomycin as stimuli, neither proliferation nor IL-2 secretion are 

significantly affected by mtGPAT deficiency.  Because the stimulatory affect of 

PMA/Ionomycin was not as pronounced as seen by CD3/CD28 stimulation, we 

hypothesized that perhaps the maximum mitogenic effect on T-lymphocytes might be 

seen at less than 24 hours post stimulation.  Therefore, we measured proliferation 

following 8, 16, 20 and 24 hours of stimulation with either CD3/CD28 or 

PMA/iononmycin.  Figure 4.2A and B show that the most dramatic affect on proliferation 

was seen following 20 hours of stimulation with either CD3/CD28 or PMA/Ionomycin.  

Following CD3/CD28 stimulation, proliferation was reduced in mtGPAT +/- and 

mtGPAT -/- mice by 20% and 50%, respectively (Fig 4.2A).  As anticipated, 

PMA/Ionomycin stimulation induced T-lymphocyte proliferation to a greater degree than 

CD3/CD28, however, there was no significant affect of mtGPAT1 knockout on T-

lymphocyte proliferation following PMA/Ionomycin stimulation at any timepoints (Fig 

4.2B).   

 Next, we determined the percentage of cells that were undergoing either early or 

late-stage cell death by annexin 5 and propidium iodide staining, respectively, since 
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activation-induced apoptosis could play a role in reduced proliferation following 

stimulation in mtGPAT1 knockout T-lymphocytes.  Figure 4.3A shows that after 20 

hours of stimulation with CD3/CD28 there are significantly more cells undergoing late-

stage cell death in mtGPAT +/- (55%) and mtGPAT -/- mice (78%).  There was a modest 

increase in early-stage apoptosis in mtGPAT +/- and mtGPAT -/- T-lymphocytes, 

however, this affect was not statistically significant.  Also shown in Fig 4.3A, there is a 

concomitant decrease in live cells in mtGPAT +/- (59%) and mtGPAT -/- mice (78%) 

following 20 hours of CD3/CD28 stimulation.  Figure 4.3B shows that PMA/Ionomycin 

stimulation does not significantly impact apoptosis in mtGPAT1 knockout T-

lymphocytes. 

 In order to determine if mtGPAT1 knockout alters organs in which T-

lymphocytes are generated or reside in the periphery, specifically the thymus and spleen, 

organ weight and cellularity were measured.  Figure 4.4 shows that spleen weight is 

reduced in mtGPAT +/- and -/- mice, albeit not significantly.  However, thymic weight is 

significantly reduced by 12% and 40% in mtGPAT +/- and -/- mice, respectively.  

Reduced thymic weight corresponds to a 30-40% decrease in thymocytes (Fig 4.5).  Fig. 

4.6 indicates that mtGPAT +/- and -/- mice have approximately 42% and 48% fewer total 

cells in the spleen and 18% and 20% fewer splenic T-lymphocytes, respectively.     

 The data presented thus far indicate that mtGPAT may be important in both 

thymic and splenic T-lymphocyte function.  Therefore, we measured markers of thymic 

development and splenic T-lymphocyte activation in T-lymphocytes from mtGPAT -/-,  

+/-, and +/+ mice.  Figure 4.7A shows that mtGPAT1 knockout mice demonstrate an 
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increased number of thymocytes in the double negative (DN) stage (CD4-/CD8-) in T-

lymphocyte development.  They also show fewer T-lymphocytes at the subsequent stage 

in T-lymphocyte development, the double positive (DP) stage (CD4+/CD8+), indicating 

that T-lymphocyte development may be partially inhibited at this point.  The following 

differentiation of DP T-lymphocytes into either CD4 single positive or CD8 single 

positive cells is markedly altered in mtGPAT1 knockout mice as evidenced by 

significantly more cells expressing CD4 alone (Fig 4.7A).  To determine at which point 

in the DN stage the mtGPAT1 knockout cells were developmentally blocked, we 

determined CD44 and CD25 expression on DN thymocytes.  Figure 4.7B illustrates that 

mtGPAT1 knockout mice have similar numbers of DN1 and DN2 T-lymphocytes as their 

wild-type counterparts.  However, there are significantly more DN3 (110%) and DN4 

(40-300%) cells in the mtGPAT1 knockout mice, respectively.   

 In peripheral T-lymphocytes, CD4 expression remains the same on resting splenic 

T-lymphocytes from mtGPAT +/- and -/- mice, however, there are approximately 20% 

fewer CD8+ T-lymphocytes in both mtGPAT +/- and -/- mice (Fig 4.8).  Yet, following 

stimulation by either CD3/CD28 or PMA/Ionomycin, mtGPAT +/+, +/- and -/- T-

lymphocytes all upregulate CD28, CD25, CD69, and CTLA-4 expression on their cell 

surface as expected (Figures 4.9 and 4.10).   

 Because aging is associated with both reduced mtGPAT activity and T-

lymphocyte glycerophospholipid content, we hypothesized that mtGPAT1 knockout mice 

would have reduced T-lymphocyte glycerophospholipid mass.  Thus, we determined total 

and individual glycerophospholipid mass in T-lymphocyte membranes from mtGPAT 
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+/+, +/- and -/- mice.  Table 4.1 shows that in thymocytes from mtGPAT +/- and -/- mice, 

total glycerophospholipid mass is decreased by 9% and 38%, respectively.  Reduced 

glycerophospholipid mass is primarily due to decreased phosphatidyl choline (PC) in 

mtGPAT +/- T-lymphocytes and diminished cardiolipin (CL), PA, phosphatidyl inositol 

(PI), phosphatidyl serine (PS), PC and phosphatidyl ethanolamine (PE), but not 

sphingomyelin (SM) in mtGPAT -/- T-lymphocytes.  Although, when 

glycerophospholipid content is adjusted to account for the decreased total mass and 

therefore expressed as mole %, mtGPAT +/- thymocytes have approximately 14% less 

PE while mtGPAT -/- thymocytes levels of PA, PE, and PC are reduced by 

approximately 38%, 23%, and 26%, respectively (Table 4.2).  The relative SM content is 

increased in both mtGPAT +/- and -/- thymocytes as a result of decreased total 

glycerophospholipid content.  Table 4.3 shows that in splenic T-lymphocytes from 

mtGPAT +/- and -/- mice, total glycerophospholipid mass is decreased by 9% and 16%, 

respectively.  Reduced glycerophospholipid mass is due to decreased CL, PA, PC, and 

PE in splenic mtGPAT +/- T-lymphocytes and reduced CL, PA, PE, PI, PS, and PC but 

not SM in splenic mtGPAT -/- T-lymphocytes.  As seen in thymocytes, when 

glycerophospholipid content is adjusted to account for the decreased total mass and 

therefore expressed as mole %, mtGPAT +/- splenic T-lymphocytes have approximately 

35% less PA, while mtGPAT -/- splenic T-lymphocytes levels of PA and PI are reduced 

by approximately 65% and 14%, respectively (Table 4.4).  Similar to thymocytes, relative 

SM content is increased in both mtGPAT +/- and -/- splenic T-lymphocytes as a result of 

decreased total glycerophospholipid content.  Aged T-lymphocytes also exhibit decreased 
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glycerophospholipid to cholesterol ratio in cell membranes.  Therfore, we measured 

cholesterol content of mtGPAT +/- and -/- thymic and splenic T-lymphocytes.  Results 

indicate that, as expected, there were no significant changes in cholesterol content (Fig 

4.13A).  Therefore, the glycerophospholipid to cholesterol mass ratio was reduced by  

approximately 10% and 38% in thymic mtGPAT +/- and -/- T-lymphocytes, respectively 

while the glycerophospholipid to cholesterol mass was reduced by 9% and 16% in 

splenic mtGPAT +/- and -/- T-lymphocytes, respectively. 

 Mitochondrial GPAT is presumably responsible for the positional distribution of 

fatty acids in glycerophospholipids and therefore the fatty acid composition of 

membranes.  Therefore, we measured the fatty acid composition of splenic and thymic T-

lymphocyte membranes.  Figure 4.11A shows that mtGPAT1 knockout mice have 

approximately 12% less palmitate, 14% more stearate, and 22% more arachidonate in T-

lymphocyte membranes.  In addition, there is a shift in fatty acid composition favoring 

the accumulation of n-6 fatty acids in T-lymphocyte membranes (Fig 4.11B).  

Specifically, membranes from mtGPAT1 knockout mice contain nearly 12% more n-6 

fatty acids than their wild-type counterparts.  Most membrane glycerophospholipids 

contain a saturated fatty acid at the sn-1 position and an unsaturated fatty acid at the sn-2 

position.  The release of fatty acids at the sn-2 position by phospholipase A2 (PLA2) 

yields an unsaturated fatty acid substrate, typically arachidonate, for eicosanoid synthesis.  

Because data in figure 4.11 suggests that mtGPAT1 knockout mice have approximately 

22% more arachidonate in T-lymphocyte membranes, we measured the production of the 

eicosanoids prostaglandin E2 (PGE2) and leukotriene B4 (LtB4) in T-lymphocytes 
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following 20 hours of stimulation with CD3/CD28 or PMA/Ionomycin.  Figure 4.12A 

shows that following CD3/CD28 stimulation, splenic T-lymphocytes from mtGPAT +/- 

and -/- mice produce 10% and 35% more PGE2 than wild-type mice, respectively.  They 

also generate 30% and 55% more LtB4 than their wild-type counterparts following 

CD3/CD28 stimulation (Fig 4.12B).  PGE2 secretion is approximately 10 fold greater 

than LtB4 regardless of genotype and there were no significant differences in PGE2 or 

LtB4 production after stimulation with PMA/Ionomycin.   

 

 

4.5  Discussion 

 

 One of the most consistent correlations in aging immunology is the decreased 

glycerophospholipid to cholesterol ratio with decreased T-lymphocyte proliferation.  

Recently, we have shown that aging is also associated with reduced mtGPAT1 activity 

and the inability of mtGPAT1 to be posttranslationally controlled by phosphorylation, as 

occurs in young T-lymphocytes.  Therefore, we hypothesized that in young mtGPAT1-/- 

mice, T-lymphocyte function would be reduced as seen in old wild type mice.   

 Several lines of evidence that we show suggest that reduced mtGPAT activity 

may be a key component of age-related immunological dysfunction.  First, mtGPAT 

deficiency inhibits T-lymphocyte proliferation and IL-2 secretion, functions of T-

lymphocytes that when impaired render the T-lymphocyte unable to elicit an appropriate 

immune response in vitro and in vivo.  Second, mtGPAT1 knockout reduces 
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glycerophospholipid mass and decreases the glycerophospholipid to cholesterol ratio of 

membranes resembling changes in membrane composition observed in aged T-

lymphocytes.  Third, impaired T-lymphocyte function in mtGPAT1 knockout mice, as 

measured by reduced IL-2 secretion and subsequent proliferation, is seen only after 

stimulation of the T-lymphocyte at the plasma membrane level indicating that membrane 

perturbations are responsible for the loss of proliferative capacity of the T-lymphocyte.  

Bypassing the TCR by stimulating the cell with PMA/Ionomycin, which directly activate 

intracellular T-lymphocyte signaling pathways through PKC activation and calcium 

mobilization, results in restoration of the proliferative capacity in mtGPAT1 knockout T-

lymphocytes.  Similar observations have been made in old T-lymphocytes (110) (111).  

Last, the dramatic increase in cell death following stimulation of mtGPAT1 knockout T-

lymphocytes is similar to that seen in aged T-lymphocytes. The loss of proliferative 

capacity in mtGPAT1 knockout T-lymphocytes appears to be a result of activation 

induced cell death, as opposed to senescence or anergy.  However, the mechanism of cell 

death is unknown.  Combined with the reduced glycerophospholipid mass in GPAT1 

knockout mice, this may indicate that without mtGPAT1, the cell is unable to generate 

enough membrane glycerophospholipids for clonal expansion in response to proliferative 

signals.  

 Mitochondrial GPAT1 knockout mice have reduced numbers of both thymic and 

splenic T-lymphocytes and there are significantly fewer CD8+ splenic T-lymphocytes in 

mtGPAT1 knockout mice.  However, the most significant affect is in the thymic T-

lymphocyte compartment where there is a remarkable decrease in thymic size and 
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numbers of thymocytes.  In addition, the most dramatic affect on glycerophospholipid 

mass as well as the glycerophospholipid to cholesterol ratio is seen in the thymocytes.  

The alteration in thymic T-lymphocyte development appears to be blocked at the DN3 

and DN4 stages, which, are the developmental windows in which TCR β chains are 

rearranged and paired with the surrogate α chain to yield the pre-TCR.  Interestingly, 

thymic development in old mice also exhibits defects at this stage indicated by the loss of 

β chain diversity (105) (112) .  During this phase of development, not only does there 

have to be successful β chain rearrangement, but the two chains must pair with each other 

and be expressed as the pre-TCR on the cell surface to facilitate maturation to the DP 

stage.  It is possible that in the mtGPAT1 knockout mice, alterations in the membrane 

lipid environment preclude successful anchoring of the necessary proteins on the cell 

surface.  Or, perhaps, the more rigid membrane environment makes it more difficult for 

the CD25 and CD44 chains to be released from the cell surface.  In addition, it is possible 

that changes in the thymic microenvironment, such as cytokine production by thymic 

stromal cells, are involved in the reduced thymocyte levels in mtGPAT1 knockout mice.  

Similarly, changes in thymic microenvironment may contribute to age-associated thymic 

involution as involution is not reversed by transplanting bone marrow cells from young 

donors into old mice (113) (114).    Also, while there are significantly fewer DP 

thymocytes, there are significantly more SP CD4+ T-lymphocytes that are generated.  As 

this is the developmental phase where positive and negative selection occur, this anomaly 

may be a result of alterations in the membrane lipid environment that precludes 

successful formation of the immunological synapse between the T-lymphocyte and the 
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antigen presenting cell.   Together, these results indicate that loss of mtGPAT1 exerts the 

most significant impact on thymocytes hence the reduced splenic T-lymphocyte 

proliferation seen in the periphery may be due to changes in thymic development.   

 Our data is in accordance with that reported in liver glycerophospholipids where 

there was a similarly significant decrease in palmitate and an increase in arachidonate 

(57).  We hypothesized that the increased availability of arachidonate for PLA2 cleavage 

may lead to increased eicosanoid production.  Our data shows that secretion of both 

PGE2 and LTB4 are increased in T-lymphocytes from mtGPAT1 knockout mice, 

indicating that the elevation of arachidonate alone may have functional significance.  

This is noteworthy because PGE2 is a known direct inhibitor of T-lymphocyte 

proliferation (103).  The decrease in proliferation may be due to the ability of PGE2 to 

inhibit two important signaling pathways in T-lymphocytes, namely calcium mobilization 

(115) and p59 (fyn) protein tyrosine kinase activity (116).  In addition, mtGPAT 

deficiency in aging may have a significant impact on dietary interventions aimed at 

increasing the n3 fatty acid content of membranes if mtGPAT1 knockout T-lymphocytes 

are less capable of incorporating n3 fatty acids into their membranes.   

 These data suggest not only that mtGPAT1 is essential to T-lymphocyte function, 

but also that mtGPAT1 knockout T-lymphocytes are functionally similar to aged T-

lymphocytes in several ways.  First, both aging and mtGPAT1 deficiency are associated 

with reduced T-lymphocyte proliferation and IL-2 secretion in response to antigenic 

stimulation.  Just as mtGPAT1 knockout T-lymphocytes have reduced proliferation in 

response to CD3/CD28 stimulation, but normal proliferation by PMA/Ionomycin 
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stimulation, aged T-lymphocytes are incapable of proliferating in response to CD3/CD28 

stimulation but exhibit a strong proliferative response to stimulation by PMA/Ionomycin 

(110) (111).  Second, mtGPAT deficiency reduces glycerophospholipid mass thereby 

reducing the glycerophospholipid to cholesterol ratio of membranes as seen in aged T-

lymphocytes.  Third, the dramatic increase in cell death following constant stimulation of 

mtGPAT1 knockout splenic T-lymphocytes resembles the replicative senescence that 

occurs in aged T-lymphocytes.  Fourth, in mtGPAT1 knockout mice, there is a 

remarkable reduction in the number of thymocytes produced, with only a moderate loss 

of splenic T-lymphocytes.  This parallels the loss of thymocytes due to thymic involution 

that occurs with aging, although splenic T-lymphocyte numbers are minimally affected 

potentially due to homeostatic mechanisms in the periphery that maintain cell numbers in 

the spleen.  To the best of our knowledge, there have been no studies done to determine 

changes in eicosanoid production in aged T-lymphocytes.  Since there are a number of 

similarities seen between mtGPAT1 knockout T-lymphocytes and aged T-lymphocytes, 

there is reason to believe that aged T-lymphocytes might produce more PGE2 and LtB4 

as is seen in mtGPAT1 knockout T-lymphocytes.   

 Taken together, the importance of the data presented here is three-fold.  First, it 

substantiates earlier observations of mtGPAT’s role in glycerophospholipid fatty acid 

positioning in the T-lymphocyte membrane.  Second, it advances our understanding of 

the importance of lipid metabolic enzymes in T-lymphocytes.  Third, and perhaps most 

importantly, because of the similarities seen in aged T-lymphocytes and mtGPAT T-

lymphocytes, the mtGPAT1 knockout T-lymphocyte may become good model to 
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examine the mechanisms of age-related changes in, at least some aspects, of T-

lymphocyte function.  Therefore, these data provide strong evidence for a key 

mechanistic role of lipid metabolism in T-lymphocyte thymic development and 

subsequent function in the periphery.  
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Figure 4.1 T-lymphocyte Proliferation and IL-2 Secretion Following Activation by 
CD3/CD28 or PMA/Ionomycin 
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Figure 4.1 .  Effect of mtGPAT deficiency on splenic T-lymphocyte proliferation.  
Splenic T-lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  T-
lymphocytes were left unstimulated or were stimulated for 24, 48, or 72 hours with anti-
CD3 and anti-CD28 (A/B) or PMA and ionomycin (C/D) and proliferation measured 
using the MTT assay as described in the Materials and Methods.  Values represent the 
mean ± SEM of four mice.   *Significantly different (p<0.05) from mtGPAT -/- mice. 
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Figure 4.2  Proliferation at Earlier Timepoints 
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Figure 4.2. Effect of mtGPAT deficiency proliferation at earlier timepoints.  Splenic T-
lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  T-lymphocytes were 
left unstimulated or were stimulated for 8, 16, 20, or 24 hours with anti-CD3 and anti-
CD28 (A) or PMA and Ionomycin (B) and proliferation measured using the MTT assay 
as described in the Materials and Methods.  Values represent the mean ± SEM of four 
mice.   *Significantly different (p<0.05) from mtGPAT -/- mice. 
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Figure 4.3 – Activation-Induced Cell Death 
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Figure 4.3.  Stimulation-induced T-lymphocyte cell death in mtGPAT1 knockout cells.  
Splenic T-lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  T-
lymphocytes were stimulated for 20 hours with anti-CD3 and anti-CD28 (A) or PMA and 
Ionomycin (B), stained with annexin V or propidium iodide as markers of apoptosis or 
necrosis, respectively, and analyzed by flow cytometry.  Values represent the mean ± 
SEM of five mice.   *Significantly different (p<0.05) from mtGPAT +/+ mice.  
**Significantly different (p<0.05) from both mtGPAT +/+ and mtGPAT +/- mice.   
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Figure 4.4 – Spleen and Thymus Weight 
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Figure 4.4.  Thymic weight is significantly reduced in mtGPAT1 knockout mice.  Spleen 
and thymus from mtGPAT +/+, +/-, and -/- mice were weighed.  Values represent the 
mean ± SEM of at least five mice.   *Significantly different (p<0.05) from mtGPAT +/+ 
mice.  
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Figure 4.5 – Cellularity of Thymus 
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Figure 4.5.   Thymic cellularity is significantly reduced due to mtGPAT deficiency.  
Thymocytes were isolated from mtGPAT +/+, +/-, and -/- mice and counted with a 
CellDyn cell counter in addition to counting on a hemocytometer via trypan blue 
exlusion.  Values represent the mean ± SEM of at least five mice.  *Significantly 
different (p<0.05) from mtGPAT +/+ mice.  **Significantly different (p<0.05) from both 
mtGPAT +/+ and mtGPAT +/- mice.   
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Figure 4.6 – Cellularity of Spleen 
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Figure 4.6.  Splenic cellularity is significantly reduced due to mtGPAT deficiency.  Total 
cells in spleen, total splenic lymphocytes, and splenic T-lymphocytes were isolated from 
mtGPAT +/+, +/-, and -/- mice and counted with a CellDyn cell counter in addition to 
counting on a hemocytometer via trypan blue exlusion.  Values represent the mean ± 
SEM of at least five mice.  *Significantly different (p<0.05) from mtGPAT +/+ mice.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 98



Figure 4.7 – Markers of Thymic Development 
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Figure 4.7.  mtGPAT deficiency alters T-lymphocyte thymic development.  Thymocytes 
were isolated from mtGPAT +/+, +/-, and -/- mice.  Resting T-lymphocytes were stained 
with anti-CD4 and anti-CD8 to differentiate between double positive, double negative 
and single positive cells (A), or anti-CD4, anti-CD8, anti-CD44, and anti-CD25 to 
differentiate between double negative stages of development and analyzed by flow 
cytometry.  Values represent the mean ± SEM of five mice.   *Significantly different 
(p<0.05) from mtGPAT +/+ mice.  
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Figure 4.8 – Splenic T-lymphocyte Lineage Markers 
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Figure 4.8.  Splenic T-lymphocytes from mtGPAT1 knockout mice have reduced CD8 T-
lymphocytes.   Splenic T-lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  
Resting T-lymphocytes were stained with anti-CD4 and anti-CD8 and analyzed by flow 
cytometry.  Values represent the mean ± SEM of four to five mice.   *Significantly 
different (p<0.05) from mtGPAT +/+ mice.  
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Figure 4.9 – Markers of Splenic T-lymphocyte Activation – CD3/CD28 Stimulation 
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Figure 4.9.  Markers of splenic T-lymphocyte activation following CD3/CD28 
stimulation.  Splenic T-lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  
T-lymphocytes were left unstimulated or were stimulated for 8, 16, or 24 hours with anti-
CD3 and anti-CD28 and stained with anti-CD28 (A), anti-CTLA-4 (B), anti-CD69 (C) 
and anti-CD25 (D).  mtGPAT +/+, +/- and -/- T-lymphocytes all upregulate CD28, CD25, 
CD69, and CTLA-4 expression on their cell surface similarly.  
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Figure 4.10 – Markers of Splenic T-lymphocyte Activation  
PMA/Ionomycin Stimulation 
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Figure 4.10.  Markers of splenic T-lymphocyte activation following PMA/Ionomycin 
stimulation.  Splenic T-lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  
T-lymphocytes were left unstimulated or were stimulated for 8, 16, or 24 hours with 
PMA and Ionomycin and stained with anti-CD28 (A), anti-CTLA-4 (B), anti-CD69 (C) 
and anti-CD25 (D).  mtGPAT +/+, +/- and -/- T-lymphocytes all upregulate CD28, CD25, 
CD69, and CTLA-4 expression on their cell surface similarly.  
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Figure 4.11 – T-lymphocyte Membrane Fatty Acid Composition 
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Figure 4.11.  T-lymphocyte membrane fatty acid composition is altered in mtGPAT1 
knockout mice.  Splenic T-lymphocytes were isolated from mtGPAT +/+ and -/- mice.  
Total lipids were extracted with in a hexane/propanol solution and converted to fatty acid 
methyl esters for fatty acid analysis by GC as described in Materials and Methods.  
Values represent the mean ± SEM of four mice.   *Significantly different (p<0.05) from 
mtGPAT +/+ mice.  
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Figure 4.12 – T-lymphocyte Eicosanoid Production 
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Figure 4.12.  mtGPAT deficiency upregulates PGE2 and LtB4 production by T-
lymphocytes.  Splenic T-lymphocytes were isolated from mtGPAT +/+, +/-, and -/- mice.  
T-lymphocytes were stimulated for 20 hours with anti-CD3/anti-CD28 or 
PMA/Ionomycin and PGE2 (A) and LtB4 (B) were measured in cell culture supernatant 
as described in Materials and Methods.  Values represent the mean ± SEM of four mice.   
*Significantly different (p<0.05) from mtGPAT +/+ mice. 
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Figure 4.13 – Cholesterol Mass and Phospholipid to Cholesterol Ratio 
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Figure 4.13.  mtGPAT1 knockout cells have reduced glycerophospholipid to cholesterol 
ratio.  Thymic and splenic T-lymphocytes were isolated from mtGPAT +/+ and -/- mice.  
Total lipids were extracted with in a hexane/propanol solution and membrane cholesterol 
was measured as described in Materials and Methods (A).  Glycerophospholipid to 
cholesterol ratio was also expressed (B).  Values represent the mean ± SEM of four mice.   
*Significantly different (p<0.05) from mtGPAT +/+ mice.  **Significantly different 
(p<0.05) from both mtGPAT +/+ and mtGPAT +/- mice.   
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Table 4.1 – PL Mass (nmol PL/mg protein) of Thymocytes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

223 +/- 19 ** 326 +/- 38 * 358 +/- 27 Total 
70.6 +/- 11 71.6 +/- 17 65.2 +/- 7.4 SM 
55.6 +/- 15 ** 111 +/- 12 * 121 +/- 12 PC 
18.8 +/- 1.2 ** 29.5 +/- 4.9 30.6 +/- 3.1 PS 

22.9 +/- 1.0 ** 32.7 +/- 5.3 34.6 +/- 4.4 PI 
32.6 +/- 3.2 ** 53.5 +/- 7.4 68.0 +/- 5.1 PE 
7.8 +/- 1.1 ** 22.9 +/- 11 20.9 +/- 2.2 PA 
10.5 +/- 4.8 ** 17.7 +/- 4.3 17 +/- 1.5 CL 
mtGPAT1 -/- mtGPAT1 +/-mtGPAT1 +/+nmol/mg 

 
*Significantly different (p<0.05) from mtGPAT +/+ mice.   
**Significantly different (p<0.05) from both mtGPAT +/+ and mtGPAT +/- mice 
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Table 4.2 - PL Mass (mole %) of Thymocytes 
 
 
 
 
 
 C
 
 P
 
 P
 P
 
 P
 
 P
 S
 
 
 
*Significantly different (p<0.05) from mtGPAT +/+ mice.   
**Significantly different (p<0.05) from both mtGPAT +/+ and mtGPAT +/- mice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

31.7 +/- 5.0 ** 21.7 +/- 3.5 * 18.2 +/- 1.3 M 
24.9 +/- 6.6 ** 34.3 +/- 3.4 33.8 +/- 1.9 C 
8.4 +/- 0.5 9.1 +/- 1.4 8.5 +/- 0.5 S 
10.3 +/- 0.7 10.1 +/- 1.6 9.6 +/- 0.6 I 
14.7 +/- 1.6 ** 16.4 +/- 1.5 * 19.0 +/- 0.3 E 
3.5 +/- 0.7 ** 6.7 +/- 2.7 5.6 +/- 0.6 A 
4.6 +/- 1.8 5.2 +/- 0.9 4.5 +/- 0.3 L 
mtGPAT1 -/-mtGPAT1 +/+  mtGPAT1 +/-Mole % 
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Table 4.3 – PL Mass (nmol PL/mg protein) of Splenic T-lymphocytes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

331 +/- 20 ** 358 +/- 23 * 394 +/- 30 Total 

60.3 +/- 10 65.6 +/- 13 68.9 +/- 5.9 SM 
121 +/- 18 ** 127 +/- 16 * 145 +/- 16 PC 
20.6 +/- 2.4 ** 26.4 +/- 2.5 26.0 +/- 4.7 PS 

23.7 +/- 2.8 ** 29.0 +/- 1.2 32.7 +/- 3.0 PI 
64.3 +/- 6.5 ** 68.1 +/- 11 * 80.3 +/- 10 PE 
5.9 +/- 2.6 ** 12.0 +/- 4.5 * 20.5 +/- 3.4 PA 
14.2 +/- 6.3 ** 14.7 +/- 3.2 * 20.9 +/- 5.1 CL 
mtGPAT1 -/- mtGPAT1 +/-mtGPAT1+/+nmol/mg 

 
 
*Significantly different (p<0.05) from mtGPAT +/+ mice.   
**Significantly different (p<0.05) from both mtGPAT +/+ and mtGPAT +/- mice 
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Table 4.4 – PL Mass (mole %) of Splenic T-lymphocytes 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

20.5 +/- 4.7 ** 18.4 +/- 3.7 17.5 +/- 0.7 SM 
36.5 +/- 4.5 35.8 +/- 4 36.8 +/- 2.2 PC 
6.2 +/- 0.8 7.4 +/- 0.5 6.6 +/- 1.2 PS 

7.1 +/- 0.6 ** 8.1 +/- 0.4 8.3 +/- 0.6 PI 
19.4 +/- 2.0  19.1 +/- 2.9  20.3 +/- 1.0 PE 
1.8 +/- 0.8 ** 3.3 +/- 1.2 * 5.1 +/- 0.7 PA 
4.3 +/- 2.0 4.1 +/- 0.9 5.1 +/- 0.8 CL 
mtGPAT1 -/- mtGPAT1 +/-mtGPAT1+/+Mole % 

 
*Significantly different (p<0.05) from mtGPAT +/+ mice.   
**Significantly different (p<0.05) from both mtGPAT +/+ and mtGPAT +/- mice 
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Chapter 5 

Discussion 

 
 The T-lymphocyte is a key cell of the immune system that influences both the 

type and extent of the adaptive immune response.  Changes in the T-lymphocyte 

compartment are well documented in immunological aging.  Diminished immune 

function in aging may be partially due to altered cell membrane lipid composition 

resulting in a decrease in the membrane glycerophospholipid to cholesterol ratio.  

However, neither chemically extracting cholesterol nor dietary interventions to reduce 

membrane cholesterol levels can completely restore T-lymphocyte proliferation in aging.  

Therefore, glycerophospholipid biosynthesis may play an important role in the 

dysregulation of T-lymphocyte proliferation with age.   

 The goal of this project was to elucidate the deficiencies in PA biosynthesis as a 

potential mechanism for the T-lymphocyte-mediated dysfunction of the immune system 

in aging.  The first objective was to characterize changes in PA biosynthesis in aged T-

lymphocytes.  It is well known that proliferation is reduced in aged T-lymphocytes.  

Therefore, we first demonstrated that aging significantly reduced T-lymphocyte 

proliferation in Sprague-Dawley rats when stimulated with plate-bound anti-CD3 

antibody which mimics the in vivo exposure to antigen.  Next, we measured GPAT and 

AGPAT activity, the two enzymes of PA biosynthesis, in T-lymphocytes from young 

(6mo) and old (18 mo) rats.  Results indicated that both stimulation and exogenously 

added rACBP increase PA biosynthesis in young T-lymphocytes.  Also, GPAT, but not 

AGPAT, activity was decreased in aged T-lymphocyte whole membrane preparations.  
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These results suggest that aging may specifically inhibit activation-induced GPAT, but 

not AGPAT, activity.  We also show that stimulation and rACBP significantly increased 

mtGPAT activity in young T-lymphocytes while it was unable to induce mtGPAT 

activity in aged T-lymphocytes.  However, microsomal GPAT (mcGPAT) activity was 

not altered by aging, which suggests that the reduction in PA biosynthesis by aging is a 

result of changes in mtGPAT and not mcGPAT activity.  These results are significant 

because until recently, aging research focused on altered membrane composition from the 

perspective of cholesterol excess and attempts to repair the altered glycerophospholipid 

to cholesterol ratio were geared toward extracting cholesterol.  We are the first to 

examine alterations in membrane structure from the viewpoint of glycerophospholipid 

metabolism.  Our results indicate that aging does not globally downregulate enzymes of 

PA biosynthesis, but rather, it specifically alters the mitochondrial isoform of GPAT.  

This implies that changes in the protein may involve posttranslational modifications 

following intracellular signaling through the TCR/CD3 chains.  For that reason, we next 

investigated the theory that T-lymphocyte mtGPAT activity may be influenced by 

phosphorylation, as has been suggested in liver.  Our results showed that incubating 

purified Jurkat T-lymphocyte mitochondria with CK2 increased mtGPAT activity in vitro 

and therefore, mtGPAT activity may also be acutely regulated in the T-lymphocyte.  This 

observation suggests that phosphorylation may be a potential mechanism for reduced 

mtGPAT activity. 

 The second objective was to determine the mechanism(s) responsible for any age-

dependent changes in PA biosynthesis.  Our results from study #1 indicated that mtGPAT 
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activity correlated with the age-induced decline in T-lymphocyte function, hence 

regulation of mtGPAT activity was the focus of this aim.  Our evidence suggests that 

altered phosphorylation may be the major mechanism by which mtGPAT activity is 

influenced in T-lymphocytes.  Our data show that CK2, and to a lesser degree, PKCθ can 

directly phosphorylate mtGPAT, thereby altering its activity in young T-lymphocytes.  

However, mtGPAT is unable to be phosphorylated by either CK2 or PKCθ in aged T-

lymphocytes.  Other mechanisms that might be responsible for altered mtGPAT activity 

were tested and excluded as there was no effect of aging.  First, we found that mtGPAT1, 

but not mtGPAT2, was expressed in T-lymphocytes, but its gene expression was not 

influenced by aging or stimulation.  As expected, we found that aged T-lymphocytes do 

not differ from young T-lymphocytes in their protein levels of mtGPAT.  Neither changes 

in mitochondrial fatty acid composition nor acyl-CoA substrate availability were 

observed with age or stimulation.  Since mtGPAT activity is greater in the presence of 

rACBP, we hypothesized that the cell might upregulate the endogenous production of 

ACBP to compensate for the reduced mtGPAT activity seen in aging.  However, no 

changes in ACBP mRNA were seen in either young or old T-lymphocytes following our 

30 minute stimulation protocol.  Although, we did show, for the first time, that ACBP is 

able to localize to the mitochondria and associate tightly enough to remain bound after 

isolation of the mitochondria from the intact cell.   This is important because it indicates 

that not only is ACBP present in T-lymphocytes, but that it can associate tightly enough 

with the mitochondria to participate in enzymatic reactions.  Taken together, the results 

reveal a novel mechanism by which aging reduces T-lymphocyte proliferation via 
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alterations in phosphorylation dependent stimulation of mtGPAT activity.  This is 

noteworthy because correct cholesterol and glycerophospholipid levels in T-lymphocytes 

are crucial to their ability to proliferate in response to stimulation.  This is the first study 

to demonstrate that mtGPAT, which is the rate-limiting step in glycerophospholipid 

biosynthesis, is reduced in aged T-lymphocytes which may partially explain the loss of 

proliferative capacity in aging.  In addition, these data may have broad implications in 

that dietary and pharmacological targets of lipid metabolism may have extensive effects 

on T-lymphocyte function as well as their target organ.   

 The third objective was to establish a cause-effect relationship between mtGPAT 

activity and T-lymphocyte proliferation using mtGPAT1 knockout mice.  Until the 

development of mtGPAT1 knockout mice, many important questions relating to mtGPAT 

function were impossible to answer.  Therefore, our previous findings indicated that 

reduced T-lymphocyte proliferation correlates with reduced mtGPAT activity, however 

there was yet to be a cause-effect relationship established.  Consequently, using the 

newly developed mtGPAT1 knockout mice, we characterized changes in T-lymphocyte 

function due to mtGPAT1 knockout.  We showed, for the first time, that mtGPAT1 

knockout T-lymphocytes exhibit a number of changes that are also seen in aged T-

lymphocytes including reduced splenic T-lymphocyte IL-2 secretion and subsequent 

proliferation, reduced levels of membrane glycerophospholipids in splenic T-

lymphocytes and thymocytes, alterations in T-lymphocyte thymic development, and 

increased cell death following stimulation of splenic T-lymphocytes.  As observed in 

liver membranes, T-lymphocytes from mtGPAT1 knockout mice had reduced levels of 
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membrane palmitate and increased membrane arachidonate.  The increase in arachidonate 

was functionally significant because it resulted in increased production of PGE2, a 

known direct inhibitor of T-lymphocyte proliferation.  The data from this aim build on 

our recent findings to suggest a novel mechanism by which T-lymphocyte function is 

regulated in both young and old T-lymphocytes.  Perhaps most importantly, however, is 

the observation that mtGPAT1 knockout T-lymphocytes are functionally similar to aged 

T-lymphocytes indicating that mtGPAT1 knockout mice may, to a certain extent, be a 

new model for aging.   

 Results from this project pose some important questions which future work 

should aim to resolve.  First, the results from our third objective indicate that T-

lymphocytes from mtGPAT1 knockout mice have dysfunctional T-lymphocytes at the 

level of T-lymphocyte generation in the thymus as well as in secondary lymphoid organs, 

namely the spleen.  However, it is not known whether mtGPAT1 knockout alters T-

lymphocyte function directly or if the effect of mtGPAT knockout on other cell types 

indirectly inhibits T-lymphocyte function.  Therefore, experiments are under way in our 

lab to use donor bone marrow from mtGPAT1 knockout and mtGPAT1 wild-type mice to 

reconstitute sublethally irradiated RAG1-/- recipient mice.  RAG1-/-  mice lack the 

recombinase-activating gene whose protein product is responsible for V(D)J 

recombination of TCR α and β genes and subsequent development of mature 

lymphocytes.  Therefore, mature T and B-lymphocytes are not generated in these mice, 

however no other cells are affected.  Consequently, following reconstitution of RAG1-/- 

mice with mtGPAT1 knockout and mtGPAT wild-type bone marrow cells, T-
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lymphocytes from recipient mice will populate the RAG1-/-  mice  and will be analyzed 

to determine if their function has been restored by developing in otherwise normal mice.  

Because the impact of mtGPAT1 knockout is most dramatic in the thymus, we anticipate 

that changes in thymic development are responsible for reduced function of peripheral T-

lymphocytes.  Moreover, using T-lymphocytes from mtGPAT1 knockout mice in 

adoptive transfer studies may further our understanding of mtGPAT1 necessity for the 

interaction between T-lymphocytes and other components of the immune system.   

 Second, our results indicate that mtGPAT1 knockout affects both the 

glycerophospholipid to cholesterol ratio in cell membranes as well as the fatty acid 

content of membrane glycerophospholipids.  This observation, alone, is significant 

because it is the first time, to our knowledge, that there has been a comprehensive 

glycerophospholipid analysis of a T-lymphocyte membrane.  Integral membrane proteins 

as well as proteins that are peripherally associated with the membrane are affected by the 

lipid microenviroment in which they reside.  Changes in the membrane composition of 

the T-lymphocyte influence the many proteins that make up the TCR/CD3 complex and, 

therefore, subsequent TCR-mediated signal transduction.  Because TCR signaling is 

initiated in cholesterol and sphingomyelin rich membrane domains termed ‘lipid rafts’, 

any alteration in the membrane composition could disturb raft function.  In fact, it was 

recently shown that the reduced glycerophospholipid to cholesterol ratio in aged T-

lymphocyte membranes is, in part, responsible for the age-induced impairment of T-

lymphocyte activation since restoring the internal structure of the lipid rafts could re-

establish T-lymphocyte activation and proliferation (10) (9).    In addition to cholesterol 
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and sphingomyelin, lipid rafts are also rich in phosphatidylinositol-anchored proteins, and 

saturated fatty acid containing glycerophospholipids are preferentially incorporated into 

lipid rafts.  Because palmitate containing glycerophospholipids are significantly reduced 

in mtGPAT1 knockout mice, mtGPAT1 knockout T-lymphocytes may have problems 

with proper lipid raft formation, as is seen in aged T-lymphocytes, and subsequent 

difficulty with the formation of the immunological synapse.  (117) (118)  (119) (120)   

 Third, the increase in cell death following stimulation in mtGPAT1 knockout T-

lymphocytes mimics the cell death seen in aged T-lymphocytes following activation.  

The loss of proliferative capacity in mtGPAT1 knockout T-lymphocytes appears to be a 

result of activation induced cell death, as opposed to senescence or anergy.  However, the 

mechanism of cell death is unknown.  This may indicate that without mtGPAT1, the cell 

is unable to generate enough membrane glycerophospholipids for clonal expansion in 

response to proliferative signals.  However, another possibility is that cell death is 

induced by the overproduction of PGE2, a known inhibitor of T-lymphocyte 

proliferation.  Our results indicate that membrane glycerophospholipids in mtGPAT1 

knockout T-lymphocytes have increased arachidonic acid levels and produce more PGE2 

following activation.  Arachidonic acid is commonly used for the generation of 

prostaglandins by cleavage from the glycerophospholipid glycerol backbone by PLA2 

and subsequent formation of prostaglandins by COX enzymes.  It is well known that 

PLA2 activity is induced by cytokines, growth factors, and changes in redox potential.  In 

addition, it was recently shown that peripheral T-lymphocytes and B-lymphocytes both 

express the inducible isoform of COX, COX2, and that the enzyme’s activity is 
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upregulated following TCR and BCR activation, respectively (121) (122).  Therefore, it 

is possible that stimulation of the TCR in mtGPAT1 knockout T-lymphocytes liberates 

the increased level of arachidonic acid from membrane glycerophospholipids and COX2 

expression is concomitantly induced, resulting in increased production and secretion of 

PGE2.  PGE2, therefore, may be responsible for inhibiting cellular proliferation in 

splenic T-lymphocytes following activation, and consequently inducing cell death.  

Studies indicate that COX-2 is overexpressed in autoimmune diseases (123) and that 

selective COX-2 inhibitors can partially ameliorate autoimmune diseases where T-

lymphocyte proliferation is exacerbate such as arthritis (124). Future work should 

measure T-lymphocyte proliferation in the presence of a COX-2 inhibitor to determine 

the relative contribution of PGE2 production to reduced splenic T-lymphocyte 

proliferation in mtGPAT1 knockout mice.  Interestingly, PGE2 also induces growth 

inhibition in double positive thymocytes (125).  Our thymocytes are partially growth 

inhibited at the double positive stage which results in elevated numbers of double 

negative thymocytes.  Future studies should determine PGE2 production in thymocytes as 

a possible mechanism by which thymic development is altered in mtGPAT1 knockout T-

lymphocytes.  Another mechanism that might be important to investigate is the possible 

change in the activity of anti-apoptotic proteins in mtGPAT1 knockout T-lymphocytes.  

For example, the anti-apoptotic Bcl-2 family member Bcl-XL localizes to the ER to 

confer resistance to apoptosis by binding to the ER membrane to increase the sensitivity 

of the receptor to InsP3 to suboptimal Ca2+ levels (126).  If the localization of this or other 

anti-apoptotic proteins is dependent upon specific lipid membrane composition, 
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mtGPAT1 knockout may render these proteins less active and therefore the cell may be 

more susceptible to cell death.  Additionally, the relative sphingomyelin content is 

increased in both mtGPAT1 +/- and -/- thymocytess as a result of decreased total 

glycerophospholipid content.  Neutral sphingomyelinase cleaves sphingomyelin to yield 

cermide, which is involved in death signaling.  It has been shown that senescent 

fibroblasts have elevated ceramide production as a result of neutral sphingomyelinase 

activation which inhibit phospholipase D activation (127) (128).  Additionally, in 

comparison to young mice, macrophages from old mice have higher expression of COX2, 

increased PGE2 production, and increased ceramide levels following activation (129).  

Therefore, elevated levels of ceramide may be another possible means by which cell 

death is induced in mtGPAT1 knockout T-lympohcytes.    

 Fourth, because of the possible impact of mtGPAT1 knockout on lipid raft 

structure and immunological synapse formation, a critical part of the analysis of 

adoptively transferred T-lymphocytes should be to measure T-lymphocyte response to 

both in vitro and in vivo antigenic challenge.   It is possible that mtGPAT1 knockout 

imparts a reduced T-lymphocyte response through diminished lymphoid recruitment to 

sites of T-lymphocyte – antigen presenting cell (APC) interaction, commonly referred to 

as the immunological synapse. Therefore, while in vitro stimulation of the TCR/CD3 

complex by anti-CD3/CD28 antibodies is probably the most widely used and accepted 

means of stimulating a T-lymphocyte, it will also be important to measure the T-

lymphocyte response to an antigen presented in the context of MHC, as is encountered in 

vivo.  In vitro this can be simulated by activating T-lymphocytes with antigen-pulsed 
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dendritic cells or macrophages.  Collaborative efforts should be employed to view the 

formation of the immunological synapse in real-time following anti-CD3/CD28 

stimulation and antigen pulsed-APC by microscopic videography if at all possible.  This 

would allow the visualization of the interaction between a T-lymphocyte and an antigen 

presenting cell at the single cell level to determine if mtGPAT1 knockout alters the 

formation of the immunological synapse.  If T-lymphocyte response to antigen is 

inhibited in vitro, it might be wise to consider an in vivo antigenic challenge in the whole 

animal.  These results would verify that the conclusions derived from in vitro work are 

physiologically relevant. 

 Last, because our initial findings suggest a number of ways that mtGPAT1 

knockout T-lymphocytes are similar to aged T-lymphocytes, further analysis of the 

mtGPAT1 knockout T-lymphocytes is necessary to determine to what extent mtGPAT1 

knockout T-lymphocytes can be used as a model for T-lymphocyte aging.  Aging results 

in an increase in memory and a decrease in naïve T-lymphocytes due to reduced thymic 

involution which results in reduced thymic output of T-lymphocytes.  Similarly, 

mtGPAT1 knockout reduces numbers of thymocytess as well as partially inhibiting 

thymic development of T-lymphocytes.  Additionally, our results demonstrate that T-

lymphocyte proliferation is inhibited in mtGPAT1 knockout mice following stimulation 

at the level of the TCR/CD3 complex with anti-CD3/CD28 stimulation.  However, 

following stimulation at the intracellular level with PMA/Ionomycin, proliferation is 

similar in wild-type and mtGPAT1 knockout animals.  This indicates that changes in the 

membrane composition alter signaling that is proximal to the TCR/CD3 complex.  In 
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aging, a number of TCR proximal signaling proteins are dysfunctional including LAT, 

Zap70, PKC, and PLCγ, all of which associate with the membrane for maximal activity.   

However, the mechanism responsible for the age-associated decrease in function is 

unknown.  It is possible that membrane glycerophospholipid changes may alter the 

function of these TCR proximal signaling proteins whose activity relies upon membrane 

or lipid cofactors.  This would explain why activating mtGPAT1 knockout T-

lymphocytes via the intracellular agents PMA and Ionomycin allows cells to proliferate 

normally by bypassing these membrane proximal signaling events.  Future studies should 

aim to study the effect of mtGPAT1 knockout on T-lymphocyte TCR proximal signaling 

proteins such as LAT, Zap70, PKC, and PLCγ as this may help to explain the loss of 

proliferative capacity in mtGPAT1 knockout T-lymphocytes.   

 The significance of this research is several-fold but three of the most important 

findings are (1) to substantiate early observations of mtGPAT1s role in 

glycerophospholipid fatty acid positioning in the T-lymphocyte membrane, (2) to 

establish the importance of membrane composition to T-lymphocyte function and (3) to 

identify similarities between aged T-lymphocytes and mtGPAT1 knockout T-

lymphocytes.  First, it is commonly accepted that mtGPAT is the rate-limiting step in PA 

biosynthesis and that its preference for saturated fatty acids is the reason why most 

membrane glycerophospholipids contain a saturated fatty acid, commonly palmitate, at 

the sn-1 position.  Our data in the T-lymphocyte is in accordance with that reported in 

liver where there was a similarly significant decrease in palmitate and an increase in 

arachidonate in liver membrane glycerophospholipids (57).  Because the positioning of 
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fatty acids is similarly altered in aging, this further exploits the importance of mtGPAT1 

in cellular function.   

 Second, in addition to changes in glycerophospholipid fatty acid composition, we 

found significant changes in glycerophospholipid species in mtGPAT1 knockout T-

lymphocytes.  Results indicate a significant loss of PA, PE, and PC in thymocyte 

membranes and a loss of PA and PI in splenic T-lymphocytes.   The extent to which 

this alteration in membrane composition affects membrane bound and peripherally 

associated proteins is only now being explored.  It appears that changes in the membrane 

glycerophospholipids dramatically impact the TCR/CD3 complex of proteins in T-

lymphocytes, however, there are probably many other proteins whose functions are 

altered.  The increased availability of arachidonate in mtGPAT1 knockout T-lymphocyte 

membrane glycerophospholipids appears to be extraordinarily important because PGE2 

levels are increased.  Since PGE2 may mediate some of the inhibition of proliferation in 

T-lymphocytes and its production is catalyzed by COX, the administration of COX 

inhibitors may have an impact on T-lymphocyte function as well.  In addition, other 

pharmacological agents which are designed to alter lipogenesis may have an unplanned 

target, the T-lymphocyte.   

 Third, the similarities between mtGPAT1 knockout T-lymphocytes and aged T-

lymphocytes are very exciting because it means that there may be, for the first time, a 

good model for aged T-lymphocytes.  Previous studies have cultured lymphocytes in the 

presence of hydrogen peroxide in an attempt to mimic the oxidative damage that is 

characteristic of aged cells.  Another method used to simulate aging is the long-term 
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culturing of T-lymphocytes in the presence of stimulus, to force the cells to undergo 

multiple rounds of proliferation, which ultimately leads to “replicative senescence” of the 

culture and the cells are termed “aged”.  However, neither of these methods truly 

replicate the most commonly seen changes in T-lymphocytes from aged rodents or 

humans.  However, while aging an animal to study functions associated with age is 

simple enough, the process is time consuming, taking nearly 2 years, and expensive.  

Therefore, the development of a good model of aging would improve the speed and cost-

effectiveness of aging research.  Our evidence suggests that mtGPAT1 knockout mice 

may provide a novel model for studying T-lymphocyte aging that requires neither the 

time nor the expense to age an animal.  In addition, if mtGPAT1 knockout T-

lymphocytes prove to be a good model for aging, T-lymphocytes could be transfected 

with an inducible gene coding for a constitutively active mtGPAT1 that could be turned 

on to make an “old” mouse “young” and vice versa.  This scenario would be the ultimate 

tool in the study of aging.   
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