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Vitamin B-6 deficiency has been linked to the altered n-6 fatty acid (FA) profiles of 

rat tissue lipids, particularly with a decrease of arachidonic acid (AA) and an increase of 

linoleic acid over 80 years. Some studies also indicated altered n-3 FA profiles in rat 

plasma and liver microsomes with vitamin B-6 deficiency. Based on previous findings, it 

was hypothesized that low vitamin B-6 status decreases n-6/n-3 long chain 

polyunsaturated fatty acids (LCPUFAs) but increases their precursors, linoleic acid and 

α-linolenic acid in both blood lipids and cultured human hepatoma (HepG2) cell line by 

impairing LCPUFA synthesis. The 23 healthy subjects received a 2-day controlled, 

nutritionally adequate diet followed by a 28-day vitamin B-6 restricted diet to induce a 

marginal deficiency (plasma PLP between 20-30 nmol/L). Plasma total γ-linolenic acid, 

AA, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) concentrations all 

significantly decreased (p < 0.05) compared to their baseline values. There were no 

changes in plasma free FA profiles or FA composition of erythrocyte and peripheral 

blood mononuclear cell membrane lipids. Total cholesterol, triglycerides, LDL-

cholesterol and HDL-cholesterol did not differ. In cultured HepG2 cells, lower vitamin B-

6 concentrations in the media led to lower cellular and membrane n-6 LCPUFA 
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composition. In addition, there were accumulated cellular lipids in HepG2 cells cultured 

with lower vitamin B-6 concentrations compared to the regular medium control. A 

stable-isotope tracer experiment further demonstrated that unsaturated FA synthesis 

decreased by 10-20 % in cells with lower vitamin B-6 concentrations. The measurement 

of mRNA expression of relevant desaturases and elongases in HepG2 cells showed 

that FADS1 (delta-5 desaturase) and FADS2 (delta-6 desaturase) genes were 40-50% 

lower. These findings provide several novel perspectives to interpret the link of 

differences in vitamin B-6 nutritional status to lipid metabolism, which will be helpful to 

understand the association between vitamin B-6 and related diseases and disorders 

with perturbed lipid metabolism in large-scale population-based epidemiological studies.  
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CHAPTER 1 
LITERATURE REVIEW 

Introduction and Significance 

In more than 80 years since vitamin B-6 was discovered, much information about 

its functional and metabolic characteristics has been reported. It is well known that 

vitamin B-6 plays an important role in amino acid metabolism, carbohydrate 

metabolism, nucleotide synthesis, and heme synthesis. The exact role that vitamin B-6 

plays in lipid metabolism remains unclear, although the interaction between vitamin B-6 

and essential fatty acid deficiency was recognized as early as in the 1930s (1-3) . 

Vitamin B-6 was reported to increase linoleic acid content and decrease arachidonic 

acid content of different tissue lipids in rats (4-8). Fatty acid desaturase activities were 

suppressed by vitamin B-6 deficiency (4, 7, 9). In addition, vitamin B-6 deficiency can 

impair phosphatidylcholine (PC) biosynthesis from phosphatidylethanolamine (PE) 

methylation pathway by elevating the inhibitory metabolite of phosphatidylethanolamine 

N-methyltransferase (PEMT), S-adenosyl homocysteine (SAH) (9, 10). The 

mechanisms underlying these phenomena are still unclear to date.  

Lipids and fatty acids are very important for human body, which serve as the 

energy sources, structural components of cell membrane, covalent modifiers of protein 

structure, gene regulators, and precursors for synthesis of bioactive lipid mediators like 

eicosanoids. Low vitamin B-6 status is associated with inflammation and oxidative 

stress conditions with abnormal fatty acid patterns independent of homocysteine (11-

13). Therefore, to understand the altered lipid metabolism under different nutritional 

status of vitamin B-6 is very valuable and significant, which will further help us to 

interpret the role of vitamin B-6 in human health and diseases to a greater extent.  



 

16 

History of Vitamin B-6 

Vitamin B-6 is a water-soluble compound that was identified from nutritional 

studies in rats by Gyorgy in the 1930s. In these studies, vitamin B-6 was described to 

cure acrodynia (a B vitamin deficiency in rats with symptoms of dermatological lesions 

and edema in paws and ears) (1). Then, a crystalline vitamin B-6 form was obtained 

from plant sources (14) and the structures of 3 different natural forms of free vitamin B-6 

– pyridoxine, pyridoxal, and pyridoxamine, were recognized and synthesized by several 

other research groups in the next few years (15, 16). In the 1950s, Gunsalus and Snell 

et al. demonstrated a phosphorylated derivative of pyridoxal, later identified as pyridoxal 

5’-phosphate (PLP), was the bioactive form of vitamin B-6 (17, 18). To date, the 

functional and metabolic characteristics of vitamin B-6 have been thoroughly 

investigated. 

Chemistry of Vitamin B-6 

Structures. The three major forms of free vitamin B-6 – pyridoxine, pyridoxal, and 

pyridoxamine, vary in the substituent at position 4 of 2-methyl-3-hydroxy-5-

hydroxymethyl-pyridines. There is a hydroxy-methyl group in pyridoxine, a formyl group 

in pyridoxal, and an aminomethyl group in pyridoxamine (Figure 1-1). Each of these 

primary structures can further be phosphorylated in position 5’-hydroxymethyl of the 

pyridine ring (Figure 1-2).   

 

Another relatively common form of vitamin B-6 exists as a glycosylated form – the 

5’-O-(β-D-glucopyranosyl) pyridoxine in many plants. This form of pyridoxine has one 

glucose molecule bound to the 5’-hydroxymethyl group via β-glycosidic linkage (19).  

Properties. B6 vitamers are water-soluble compounds and stable under acidic pH. 

However, in alkaline media, some forms of vitamin B-6 (e.g. pyridoxal, pyridoxine, and 
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pyridoxamine) are susceptible to photo-oxidation and heat. Especially for the coenzyme 

PLP, oxidation of the aldehyde to the carboxylate occurs when exposed to light. Both 

pyridoxal and PLP can react with amino groups of substrates and proteins to form a 

Schiff base and such a carbonyl-amine reaction accounts for many of the PLP-

dependent enzyme mechanisms (20, 21).     

Food Sources of Vitamin B-6 

Free and bound forms of vitamin B-6 are widely distributed in foods. Good sources 

include meats, dairy products, and whole grain products.  Fortified cereal products and 

dietary supplements are also considered as significant sources of vitamin B-6 (22). 

Generally, plant foods contain the glycosylated form of vitamin B-6, pyridoxine-5’-O-β-D-

glucoside (PNG); animal foods have more pyridoxal, pyridoxamine, and their 

phosphorylated forms. PNG may serve as the storage form of vitamin B-6 in plants with 

concentration up to 75% in fruits, vegetables, and grains, however, with little or none in 

foods of animal origin (19). 

The overall bioavailability of vitamin B-6 in an average American diet is 

approximately 71-79% compared to the availability of free pyridoxine as 100% (23).  

Factors that may cause incomplete bioavailability include food matrix trapping, 

nondigestible residue and partial utilization of the glycosylated form (22).   Some rat 

studies reported that PNG had a lower bioavailability compared to free pyridoxine form 

due to incomplete hydrolysis of the glycosidic bond (24). Several studies in humans 

indicated that the bioavailability of PNG for adults is ~ 50 -60% compared to that of free 

pyridoxine (25, 26).  

The loss of vitamin B-6 during cooking and thermal processing is also significant. 

In addition, B6 vitamers are light-sensitive in solutions, but this sensitivity is influenced 
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by the pH. Vitamin B-6 is heat-labile in alkaline media but relatively heat-stable in acid 

media which make it generally stable in many forms of storage and handling (20, 27). 

Among various forms of B6 vitamers, pyridoxine is the most stable with relatively low 

chemical activity. Pyridoxine-HCl salt is widely used in dietary supplements and food 

fortification because of its stability, ease of manufacture, and low cost (22).  

Absorption, Transport and Metabolism 

Absorption. After entering the small intestine, the phosphorylated forms of vitamin 

B-6 as well as PLP-bound proteins are dephosphorylated by membrane-bound alkaline 

phosphatase. Then, free vitamers are uptaken into mucosal cells via passive diffusion, 

mainly in jejunum (28, 29). In mucosal cells, free vitamers are rephosphorylated as 

metabolic trapping by ATP-dependent pyridoxal kinase (30). Finally, the phosphorylated 

vitamers cross the basolateral membrane mainly in unphosphorylated form. However, 

the glycosylated form of vitamin B-6, specifically PNG can be absorbed intact across 

small intestine as reflected by urinary excretion (25).  

Transport. After free vitamers exit the basolateral membrane, they immediately 

enter blood circulation. In circulation B6 vitamers are bound to albumin or associated 

with red cells to be delivered to the liver and other organs (31). Normally, most B-6 

vitamers in blood are presented as PLP, which is mainly Schiff base-linked to proteins, 

primarily albumin in plasma and hemoglobin in red cells. Pyridoxal and pyridoxine can 

be taken up by red cells, where pyridoxine is partially converted to pyridoxal and bound 

to hemoglobin (32).  Most absorbed vitamin B-6 is transported into liver, the primary 

organ of vitamin B-6 metabolism. Red cells also transport vitamin B-6 mainly in non-

phosphorylated forms. Once transported to peripheral tissues, the unphosphorylated 
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forms of vitamin B-6 undergo phosphorylation and then are coupled with binding 

proteins for the retaining of the vitamin (33).         

Metabolism. As reviewed by Coburn (1990), the turnover of vitamin B-6 consists 

of five compartments: muscle, liver, plasma, red cells, and all other pools grouped 

together into one additional compartment (34). Among the five compartments, liver and 

muscle retain 80-90% of the total pool size. As mentioned above, a large portion of 

absorbed B-6 vitamers are transported to liver where PLP is synthesized from free 

vitamers, and a major excretory catabolite, 4-pyridoxic acid (4-PA) is produced from 

excessive B-6 vitamers and their phosphorylated forms (35). The conversion of vitamin 

B-6 to functional PLP depends on sequential action of pyridoxal kinase and pyridoxine 

(pyridoxamine) 5’-phosphate oxidase. Pyridoxal kinase in mammals is Zn-ATP 

dependent and stimulated by K+, catalyzing the phosphorylation of all three natural 

forms of vitamin B-6. The oxidase that converts PNP and PMP to PLP is riboflavin 

dependent and is subject to product inhibition by PLP (30, 36). Interestingly, certain liver 

tumors are lacking of this oxidase resulting impaired conversion of PMP/PNP to PLP 

(37, 38). De novo synthesis of vitamin B-6 occurs only in bacteria, fungi, and plants, 

making it an essential nutrient in human diets. 

Catabolism of vitamin B-6 is most active in liver. Excess PLP is dephosphorylated 

to form PL by alkaline phosphatase, which is then converted to the major excretory 

product 4-PA by FAD-dependent aldehyde oxidase in human liver (33). In fact, the 

equivalent of about half the daily intake of vitamin B-6 by human body is lost in this way 

(39). Moreover, other forms of vitamin B-6 are excreted in urine especially with high 

intakes. For instance, 5-pyridoxic acid is excreted with large amounts of pyridoxine 
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intake (> 100 mg/d). If large doses of a specific vitamin B-6 form are given, much of it 

will appear in urine in an intact form (40).  

Evidence from tracer studies by Coburn’s group suggests that 15 nmol/g is a 

reasonable average overall vitamin B-6 content of human body. The total pool size is 

approximately 1000 µmol in a 70-kg human adult, which was estimated by data from 

muscle biopsies in 12 human subjects (34, 41). Up to 80% of vitamin B-6 is in muscle 

as PLP bound to glycogen phosphorylase. The remaining vitamin B-6 is largely 

distributed in liver, but also the brain, heart, adrenal glands, kidney, and pancreas (34).  

Functions of Vitamin B-6 

Functions of vitamin B-6 are complex, multifaceted, and interrelated. PLP serves 

as a coenzyme for more than 100 enzymes involved in the metabolism of amino acids, 

carbohydrates and lipids, and heme and nucleotide synthesis (Figure 1-3). 

Amino Acid Metabolism  

Vitamin B-6 is best known for its essential role in amino acid metabolism. PLP 

functions as a coenzyme for transaminases that participate in amino acid catabolism. 

The mechanism of PLP as a coenzyme is to enable its carbonyl group to form a Schiff 

base with the amino group of the substrate. Electrons are removed from one of the R 

group, hydrogen, or carboxyl group attached to the α carbon of the substrate due to the 

pyridine ring having a high affinity of electrons. Generally, PLP is utilized by 

transaminases in two different ways: forming α-keto acids from α-amino acids, and 

forming new amino acids by transferring amine groups to α-keto acids (42). In this way, 

transaminases link amino acid metabolism to ketogenic and glycogenic reactions.  

Vitamin B-6 is also involved in decarboxylation reactions with the α-carboxyl group 

removed, leading to irreversible formation of amines, including several important 
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neurotransmitters like epinephrine, norepinephrine, serotonin, and γ-aminobutyrate (43). 

PLP is a coenzyme for aminolevulinate synthase located in mitochondrial matrix, to 

catalyze the rate-limiting step of heme biosynthesis from glycine and succinyl-CoA (44). 

The synthase has a short half-life probably because of the aminolevulinate product 

inhibition via reacting with the pyridoxal carbonyl or forming reactive oxygen species 

(ROS) by auto-oxidation. Thus vitamin B-6 deficiency causes heme/cytochrome 

deficiency and further elevates intracellular ROS formation (45). 

Moreover, PLP functions as a coenzyme involved in side-chain cleavage 

reactions. For instance, PLP is the cofactor of two enzymes involved in cysteine 

synthesis, cystathionine β-synthase that condenses homocysteine and serine to form 

cystathionine, and γ-cystathionase which then catalyzes cysteine formation from 

cystathionine. PLP is also a cofactor for the mitochondrial and cytoplasmic isoenzymes 

of serine hydroxymethyltransferase (cSHMT and mSHMT) (46). Specifically, serine is 

converted to glycine and formate initiated by mSHMT. The cSHMT then catalyzes the 

reversible 3-carbon transfer from serine to tetrahydrofolate (THF) to form 5, 10-

methyleneTHF, the precursor of thymidylate. PLP is required for the conversion of 

tryptophan to NAD+ as a coenzyme for kynureninase and kynurenine aminotransferase. 

The former catalyzes the cleavage of 3-hydroxykynurenine to alanine and 3-

hydroxyanthranilate which then forms NAD+.  The aminotranferase catalyzes the 

conversion of 3-hydroxykynurenine to xanthurenic acid (47).    

Carbohydrate Metabolism 

As described previously, up to 80% of PLP is distributed in muscle mainly as the 

PLP-glycogen phosphorylase complex. Glycogen phosphorylase is a homozygous 

dimer that catalyzes glycogen phosphorolysis to yield glucose-1-phosphate. The 
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mechanism has been elucidated as protonation of the glucosidic oxygen of the 

polysaccharide by inorganic phosphate at the initial stage, thus generating an 

oxycarbonium-phosphate ion pair. PLP interacts to stabilize this ion pair, thereby 

permitting covalent addition of phosphate to form glucose 1-phosphate (48).  

PLP-dependent transaminases participate in the malate aspartate shuttle that 

enables mitochondria to oxidize NADH formed by glycolysis. Transaminases also link 

amino acid metabolism to carbohydrate metabolism through two reactions: the first is 

the conversion of alanine to pyruvate which then enters the glycolytic pathway, and the 

second is the conversion of glutamate to α-ketoglutarate which enters the tricarboxylic 

acid (TCA) cycle directly. PLP-dependent enzyme γ-cystathionase can release α-

ketobutyrate from cystathionine that feeds into the TCA cycle, increasing NADH 

production for energy metabolism (42, 48).  

Lipid Metabolism 

 It is a well-established fact that vitamin B-6 plays an important role in amino acid 

metabolism, carbohydrate metabolism, nucleotide synthesis, and heme synthesis, 

however, direct evidence of how vitamin B-6 is involved in lipid metabolism remains 

vague. As early as in the 1930s, researchers found that essential fatty acids had a 

sparing effect on the dermatitis induced by vitamin B-6 deficiency in rats (1-3). After 

that, the role of vitamin B-6 in lipid metabolism was a subject of interest and studied by 

many scientists.   

In these studies, vitamin B-6 deficiency altered fatty acid profiles of different tissue 

lipids, particularly with a decrease of arachidonic acid and an increase of linoleic acid 

(4-8). The mechanisms for such FA metabolic changes can be summarized as follows 

based on currently published data: 1) a decrease of the desaturation and/or elongation 
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processes that synthesize arachidonic acid from linoleic acid; 2) an alteration in the 

methylation processes of phospholipids; 3) an increase in arachidonic acid oxidation or 

a decrease in linoleic acid oxidation; and 4) a lower fatty acid mobilization from 

triglycerides to phospholipids. 

Lipid profiles 

 Some researchers reported an increase in plasma cholesterol with low vitamin B-

6 intake in monkeys and rabbits (49, 50). Harripersad and Burger undertook a study to 

confirm whether a subnormal dietary intake of vitamin B-6 would have an effect on 

plasma total cholesterol, high density lipoproteins (HDL), low density lipoproteins (LDL) 

and triglycerides (51). After 8 weeks of moderate vitamin B-6 restriction (20 µg 

pyridoxine-HCl /d), a significant decrease in body mass was observed in low vitamin B-6 

group compared to the pair-fed control. The low vitamin B-6 group had higher 

concentrations of total cholesterol and LDL in plasma. There was only a non-significant 

decrease of plasma HDL in low-vitamin B-6 rats. A later study also observed an 

increase of plasma triglycerides and cholesterol with vitamin B-6 deficiency (52). As 

accumulated data suggested an association between low vitamin B-6 status and an 

increased risk of atherogenesis and coronary heart disease (53, 54), these findings may 

implicate that low vitamin B-6 status elevates the risk of atherosclerosis and 

cardiovascular disease by decreasing HDL/LDL ratio (55-57). In some clinical trials, 

pharmacological doses of pyridoxine were given to lower plasma cholesterol and LDL in 

the elderly and patients with chronic renal failure (58, 59). One of the studies showed 

that mean plasma cholesterol and LDL concentrations were decreased by 10% (p < 

0.01) and 17% (p < 0.001), respectively after 8 weeks of pyridoxine supplementation 

(120 mg/d) (58). However, the safety of long-term use of vitamin B-6 supplementation at 
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large doses must be carefully evaluated considering that the tolerable upper intake level 

(UL) of vitamin B-6 is suggested as 100 mg/d (60). 

Phospholipids and fatty acid profiles   

Phospholipids constitute 60% of the lipid mass of a eukaryotic cell membrane. 

Therefore, even minor changes in phospholipid composition may alter membrane 

function and even cell viability. Phospholipids are composed of a glycerol backbone with 

fatty acids esterified at the sn-1 and sn-2 positions. The phosphate group is attached to 

a polar head group at the sn-3 position. Phospholipids can be classified as choline 

glycerophospholipid (PC), ethanolamine glycerophospholipid (PE), inositol 

glycerophospholipid (PI), glycerol glycerophospholipid (PG), and serine 

glycerophospholipid (PS) according to different polar head groups. The major type of 

membrane lipids is phosphatidylcholine, comprising 50% of the cellular lipids (61).  

Phospholipids form a bilayer membrane which provides the structure components 

for cells and organelles, and creates an intracellular environment necessary for protein 

to function and interact. Membrane phospholipids are storage sites of arachidonic acids 

which can be released by phospholipase A2 and is important as a substrate for 

eicosanoid synthesis (62, 63). Phospholipids are also precursors to platelet activating 

factor and inositol triphosphate (64, 65). 

Many researchers studied effects of vitamin B-6 deficiency on fatty acid profiles of 

phospholipids. Delorme and Lupien studied the influence of vitamin B-6 deficiency on 

fatty acid composition of phosphatidylcholine (PC), lysophosphatidylcholine (LPC), and 

phosphatidylethanolamine (PE) in rat liver, plasma and kidneys. The percentage of 

arachidonic acid decreased but that of linoleic acid increased in different phospholipid 

fractions of various rat tissues. These changes were the greatest in liver and plasma, 
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and the least changes occurred in kidneys, especially for PE fraction (6).  The 

differences might be due to different sites of fatty acid synthesis, different turnover rates 

of different phospholipid fractions in different tissues studied.  

Other scientists also confirmed these findings. One study reported that linoleic and 

γ-linolenic acids of liver phospholipids and triglycerides were accumulated in vitamin B-6 

deficient rats (5). In another study, male Wistar rats fed with a vitamin B-6 deficient diet 

with 70% casein for 5 weeks were found to have increased amount of linoleic acid and 

decreased amount of arachidonic acid in plasma total lipid fraction and PE/PC fractions  

of liver microsomes. In addition, the percentage of EPA and α-linolenic acid was 

significantly higher but that of DHA was lower in PE/PC fractions of rat liver microsomes 

with vitamin B-6 deficiency. The activity of delta-6 desaturase was 64% lower in vitamin 

B-6 deficient rats than their pair-fed controls (7). Another study investigated whether  

PC biosynthesis was affected by vitamin B-6 deficiency in rat liver microsomes (66). 

There are two major pathways for PC biosynthesis. One involves the transfer of 

phosphorylcholine from CDP-choline to a 1,2-diglyceride catalyzed by choline 

phosphotransferase (67). The second pathway involves sequential transfer of 3 methyl 

groups from S-adenosyl methionine (SAM) to PE by PE methyltransferase (PEMT) (68). 

In this study, rats fed with a vitamin B-6 deficient diet for 5 weeks had decreased PC 

content but increased PE content in liver microsomes. The activities of choline 

phosphokinase and choline phosphotransferase in liver decreased in vitamin B-6 

deficient rats. The concentration of PEMT co-substrate, SAM decreased by ~ 30 %, and 

its inhibitory metabolite S-adenosyl homocysteine (SAH) was elevated under  vitamin B-

6 deficient status (66). These data suggested an inhibited PC biosynthesis by modified 



 

26 

methionine metabolism and decreased choline utilization in vitamin B-6 deficient rats. 

Since arachidonic acids are primarily incorporated into the phospholipid fraction, the 

decreased PC synthesis may affect the percentage of arachidonic acid detected in 

phospholipids. 

In another study, it showed that severe vitamin B-6 deficiency led to decreased 

phospholipid content but accumulated triglyceride content in rat liver (69). However, the 

following 22-d pyridoxine supplementation had little effect on fatty acid composition of 

major phospholipid classes in rat plasma, liver and kidneys (70). 

To date, there were very few human studies on the interaction between vitamin B-

6 and lipid metabolism. The most recent one was to investigate whether lowering 

plasma homocysteine concentration in the elderly with B vitamin supplements would 

alter n-3 LCPUFA composition in plasma PC (71).  This was a double-blinded, placebo-

controlled, randomized clinical trial involving 253 participants (≥ 65y, plasma 

homocysteine ≥ 13 µmol/L). Participants (n=127) in the experimental group were given 

a daily supplement of 1000 µg folate, 500 µg vitamin B-12, and 10 mg vitamin B-6 for 2 

years. Although plasma homocysteine concentration was significantly lower in vitamin-

supplemented group, the proportion of n-3 LCPUFAs (EPA, DPA, and DHA) in plasma 

PC did not differ between B-vitamin supplemented and placebo group after 2 years of 

supplementation (71). However, this study mixed the effects of vitamin B-6, vitamin B-

12 and folate.  As we know, vitamin B-6 alone is not a good homocysteine-lowering 

factor compared to folate and vitamin B12 for a dietary deficiency (72, 73), which 

suggested that low vitamin B-6 status changed fatty acid patterns in a way independent 

of homocysteine. In another human study, decreased ratios of plasma EPA/α-linolenic 
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acid, DHA/ α-linolenic acid and DHA/EPA were observed in 21 subjects with low vitamin 

B-6 status,  suggesting that impaired n-3 LCPUFA synthesis and/or accelerated n-3 

LCPUFA turnover may occur in people with low vitamin B-6 status (8).  

Enzymes  

As the changes of fatty acid profiles with vitamin B-6 deficiency were confirmed by 

more and more studies, some scientists began to investigate the enzymes in highly 

unsaturated fatty acid (HUFA) synthesis. Figure 1-4 elucidates HUFA synthetic 

pathways in mammals and relevant enzymes involved (74). Mammals are unable to 

synthesize HUFAs directly from acetyl CoA due to the absence of omega-3 desaturase 

and delta-12 desaturase. However, HUFAs can be derived from dietary essential fatty 

acids – linoleic acid and α-linolenic acid in mammals (75).  

Delta-6 desaturase is considered as the most sensitive and strictly regulated 

enzyme participating in the first and rate-limiting step of arachidonic acid biosynthesis 

from ingested linoleic acid. The delta-6 desaturation of C18:2 n-6 to C18:3 n-6 in liver 

microsomes is catalyzed by multi-enzyme components including NADH-cytochrome b5 

reductase, cytochrome b5, and terminal delta-6 desaturase that are all embedded in the 

lipid bilayer of microsomal membrane. Specifically, NADH and NADPH are electron 

donors and cytochrome b5 reductase and cytochrome b5 transport the electron to the 

terminal delta-6 desaturase for catalyzation (76). Severe vitamin B-6 deficiency 

impaired delta-6 desaturation step in rat liver microsomes (9). A striking decrease of 

terminal delta-6 desaturase activity was found in rat liver microsomes with 5 weeks of 

vitamin B-6 restricted diet when given linoleic acid / linoleoyl-CoA as the substrates in 

vitro. The activity of the electron-transport enzyme, NADH-cytochrome b5 reductase was 

also decreased. The ratio of C20:4 n-6/C18:2 n-6 in liver microsomal total lipids and PC 
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fraction decreased accordingly. Decreased PC content was observed, which showed a 

positive correlation with the microsomal delta-6 desaturase activity (9). Such results 

suggested that the decreased PC content in liver microsomes in a vitamin B-6 deficient 

status might decrease delta-6 desaturase activity indirectly and thus impair 

arachidonate biosynthesis.  

Another study in rats also reported that a subnormal intake of vitamin B-6 (0.4 

mg/kg of diet) caused a diminished delta-6 desaturase activity by 37% and 19%, 

respectively, using linoleic acid and α-linolenic acid as substrates in liver microsomes. 

Consequently, the products derived from linoleic acid and α-linolenic acid, arachidonic 

acid and EPA, decreased accordingly (4). Other studies observed altered activities of 

delta-6 desaturase, elongase and acyl-CoA oxidase in vitamin B-6 deficient rats (7, 77). 

Enhanced activities of liver oleyl and arachidonyl CoA-lysophospholipid acyltransferase 

were observed in vitamin B-6 deficient rats. This did not support the hypothesis that 

vitamin B-6 deficiency decreased the incorporation of arachidonate and oleate into 

tissue phospholipids (78).  However, based on previous findings, vitamin B-6 appears to 

inhibit rate-limiting enzymes in HUFA synthesis via an indirect manner. No solid 

evidence indicated that vitamin B-6 or PLP functions as a coenzyme of relevant 

enzymes in HUFA synthesis. 

Assessment of Vitamin B-6 Status 

Methods 

Several indicators have been developed to assess vitamin B-6 status of an 

individual, including those considered direct (e.g. PLP concentration in cells or fluids) 

and those that are indirect or functional (e.g. red cell aminotransferase activity 

coefficients and tryptophan catabolites) (43).  
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Plasma PLP may be the best single indicator since it appears to reflect tissue 

stores of vitamin B-6 (31). Moreover, there were studies showing a rapid response of 

plasma PLP concentration to different levels of dietary vitamin B-6 intake (79, 80). The 

cutoff value of plasma PLP for vitamin B-6 adequacy is between 20-30 nmol/L based on 

recent findings (81-86). Urinary4-PA is another direct indicator of vitamin B-6 status in 

short term. The daily excretion of 4-PA reflects the irreversible oxidation of pyridoxal in 

tissues and responds promptly to dietary depletion and repletion of vitamin B-6 (31, 87). 

Generally, a value greater than 3 mmol /d is suggested as an indicator of adequacy 

(88). Nevertheless, 4-PA excretion can be influenced by many other factors including 

gender, age, alcohol, oral contraceptives, protein intake, and riboflavin status and thus 

is not considered as a good single indicator (88, 89).  

 In addition, some metabolites are used as indirect or functional indicators of 

vitamin B-6 status. The basis for this takes into account the metabolic pathways and 

enzymes that are PLP-dependent. For instance, red cell aminotransferases for 

aspartate and alanine are commonly measured before and after adding PLP in vitro. 

The ratios of these aminotransferase activities before and after adding PLP (activity 

coefficient) in human red cells with PLP incubation are higher under vitamin B-6 

deficient status than adequate vitamin B-6 status. Values of 1.5-1.6 for the aspartate 

aminotransferase activity coefficient and approximately 1.2 for the alanine 

aminotrasferase activity coefficient were suggested for adequacy (88, 90). Considering 

the lifespan of red cells, these transaminase activities are thought to be a long-term 

assessment of vitamin B-6 status. Catabolites from tryptophan and methionine are also 

used for evaluating vitamin B-6 status. Since kynureninase and kynurenine 
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aminotransferase involved in niacin synthesis from tryptophan are PLP-dependent, the 

intermediates kynurenine, kynurenic and xanthurenic acid will be accumulated in the 

urine with vitamin B-6 deficiency. Generally, a 24-h urinary excretion of < 65 mmol 

xanthurenic acid after an oral dose of 2-g tryptophan is suggested as adequate vitamin 

B-6 status (47, 88). The methionine load test is another indirect measurement of vitamin 

B-6 status. For this test, the urinary excretion of cystathionine is examined over 24 h 

after a 3-g loading dose of L-methionine (91). However, the most accurate way of 

assessing vitamin B-6 status is probably to combine two or more of these indicators 

considering the influence from other factors such as age, exercise, pregnancy, and 

diseases (92-94).     

Deficiency and Toxicity 

Clinical signs of severe vitamin B-6 deficiency are not common in developed 

countries. However, marginal or suboptimal vitamin B-6 status can be found in women 

of reproductive age, especially current and former users of oral contraceptives, male 

smokers, non-Hispanic African American men, and men and women over age 65 (95-

98). Whereas no clinical symptoms are displayed with a marginal deficiency, metabolic 

changes can occur earlier and become more obvious as vitamin B-6 deficiency 

progresses. Previous studies in our group reported that marginal vitamin B-6 deficiency 

altered plasma amino acid profiles with marked elevation of cystathionine and to a 

lesser extent elevation of glycine.  Tracer kinetic studies indicated that vitamin B-6 

restriction yielded increased postprandial rates of whole-body cystathionine synthesis 

and serine production from glycine, while other aspects of one carbon metabolism 

including fluxes of cysteine and methionine pools and rates of glycine cleavage and 
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homocysteine remethylation processes were not significantly affected in healthy adults 

(82-86).  

When severe vitamin B-6 deficiency occurs, clinical symptoms develop such as 

small cell type anemia, pellagra-like dermatitis, glossitis and stomatitis, fatigue, 

depression, cognitive dysfunction and even seizures and death (99). Causes for vitamin 

B-6 deficiency may include low vitamin B-6 intakes, impaired vitamin B-6 absorption, 

inborn errors affecting enzymes involved in vitamin B-6 isoform interconversion, 

diseases and drug interactions  (22).  

Adverse effects of vitamin B-6 only have been documented from vitamin B-6 

supplements but never from food sources. The therapeutic use of pyridoxine for various 

disorders (e.g. pyridoxine-responsive anemia, cystathioniuria and homocysteinuria) and 

self-medication may lead to the potential problem of toxicity. Large doses of vitamin B-6 

supplements (> 1000 mg/day) over long periods of time can result in painful 

neurological symptoms known as sensory neuropathy (100).  In order to prevent this 

neurological damage in all individuals, Food and Nutrition Board at the Institute of 

Medicine (FNB) set the tolerable upper intake level (UL) for pyridoxine at 100 mg/day 

for adults (60).  

Requirement of Vitamin B-6 

Based on physiological and genetic characteristics, vitamin B-6 intakes, and 

protein intakes of populations with different age and gender, the FNB proposed the 

recommended dietary allowances (RDA) for vitamin B-6 of 1.3 mg/d for adult men and 

women. This value reaches the adequacy by 98% of the healthy population within the 

age group (19 -50 yr) (88, 101, 102). Table 1-1 summarizes specific RDAs for vitamin 
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B-6 in other age groups (101, 103-105). However, due to the limited data on vitamin B-6 

requirements for infants, only the adequate intakes (AI) are given instead of the RDAs. 

Vitamin B-6 in Health and Disease 

Low circulating folate and vitamin B-6 concentrations are associated with 

increased risk of strokes and vascular diseases (12, 13, 98, 106). The Nurses’ Health 

Study Cohort (1980-1994) showed that high intakes of folate and vitamin B-6 were 

inversely associated with the relative risk of coronary heart disease (107). Some 

researchers proposed the mechanism for this association was due to lower circulating 

homocysteine concentration after supplementation. However, vitamin B-6 itself is not a 

strong factor of lowering homocysteine. Other researchers suggest that vitamin B-6 is 

an independent inflammation predictor not relevant to homocysteine. In some case-

control studies, plasma PLP was inversely correlated with inflammation markers, C-

reactive protein (CRP) and fibrinogen in patients with vascular disease (11, 12, 108). 

These findings generate a hypothesis that inflammation causes a functional vitamin B-6 

deficiency that is possibly mediated by increased utilization of vitamin B-6 in the 

inflammatory processes including cytokine and antibody synthesis and immune cell 

proliferation. 

 As reported by Chiang et al. (109), the low plasma PLP concentration seen in 

inflammation was unlikely due to insufficient dietary intake of vitamin B-6 and/or 

excessive urinary vitamin B-6 excretion since the food intake and 24-h urinary excretion 

of 4-PA did not differ between rheumatoid-arthritis patients and healthy control subjects. 

From another perspective, vitamin B-6 deficiency led to abnormal lipid profiles by 

elevating plasma total cholesterol and LDL concentrations but lowering HDL 

concentration (49-52). The Framingham Heart Study Cohort observed that low plasma 
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PLP concentration was associated with decreased ratio of plasma HDL/LDL cholesterol 

(108). However, a combined supplementation of vitamin B-6, folate and vitamin B-12 for 

6 months did not change HDL and LDL cholesterol concentrations compared to the 

placebo group (110). The HOPE (Heart Outcomes Prevention Evaluation) study showed 

that a 5-year supplementation of folate, vitamin B-6 and vitamin B-12 slightly but 

significantly increased plasma HDL cholesterol (111). Since unbalanced LDL and HDL 

level is considered as a significant predictor for arthrosclerosis and vascular disease, 

low vitamin B-6 status may further adverse the effects of inflammation status and 

increase risks of arthrosclerosis and cardiovascular diseases.  

However, the detailed mechanisms of association between low vitamin B-6 status 

and inflammation-related diseases still need further investigation before any conclusions 

can be made. 

Hypotheses and Objectives 

Overall Rationale 

Although the interaction between vitamin B-6 and lipid metabolism was recognized 

as early as in the 1930s, the exact role of vitamin B-6  in lipid metabolism is still not well 

understood. This research project investigated the influence of different vitamin B-6 

nutritional status on fatty acid profiles in human blood and cultured cells and possible 

mechanisms involved. The abnormal fatty acid profiles with low vitamin B-6 status are 

probably linked to the role of vitamin B-6 in inflammation-related diseases. The following 

hypotheses were tested in healthy humans and cultured human hepatoma (HepG2) cell 

line with a range of physiologically relevant levels of vitamin B-6 using the experimental 

strategies outlined in the specific aims: 
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Hypothesis 1 

Marginal vitamin B-6 deficiency results in lower n-6 and n-3 LCPUFAs in plasma 

and peripheral blood mononuclear cells (PBMCs) but not in erythrocytes. Specific aims 

are as follows: 

1. To determine the influence of marginal vitamin B-6 deficiency on blood lipid 
fractions including total triglycerides, cholesterol, HDL-cholesterol and LDL-
cholesterol. 

2. To determine the influence of marginal vitamin B-6 deficiency on total fatty acid 
and free fatty acid profiles in plasma. 

3. To determine the influence of marginal vitamin B-6 deficiency on erythrocyte and 
PBMC membrane fatty acid composition. 

4. To determine overall effects of moderate vitamin B-6 restriction on n-3, n-6, and n-
9 fatty acids in plasma, erythrocytes and PBMCs. 

Hypothesis 2 

Vitamin B-6 deficiency results in lower n-6 and n-3 LCPUFAs in HepG2 cells, and  

the lowest LCPUFA concentrations are found in most-deficient cells. Specific aims are 

as follows: 

1. To measure individual fatty acid concentrations and fatty acid composition (by 
weight percentage) in HepG2 cells cultured with a range of physiologically relevant 
levels of vitamin B-6. 

2. To measure membrane fatty acid composition in HepG2 cells cultured with a 
range of physiological-related levels of vitamin B-6. 

Hypothesis 3 

The n-3 and n-6 LCPUFA synthesis is impaired in HepG2 cells with vitamin B-6 

deficiency compared to cells with adequate vitamin B-6. Specific aims are as follows: 

1. To determine n-3, n-6, and n-9 fatty acid synthesis in HepG2 cells cultured with a 
range of physiologically relevant levels of vitamin B-6 using stable-isotope tracer 
techniques. 
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2.  To measure relative mRNA expression of desaturases and elongases in n-3, n-6, 
and n-9 fatty acid synthesis in HepG2 cells cultured with a range of physiologically 
relevant levels of vitamin B-6.   
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Table 1-1. Recommendations for vitamin B-6 intake in humans. 

Life stage  Age  Males (mg/d)  Females (mg/d)  

Infants  0-6 months 0.1 (AI) 0.1 (AI) 

Infants  7-12 months   0.3 (AI)  0.3 (AI)  

Children  1-3 years  0.5  0.5  

Children 4-8 years  0.6  0.6  

Children  9-13 years  1.0  1.0  

Adolescents  14-18 years  1.3  1.2  

Adults  19-50 years  1.3  1.3  

Adults  > 51 years   1.7  1.5  

Pregnancy  all ages  -  1.9  

Lactation  all ages  -  2.0  

AI: adequate intake. 

 
          Pyridoxine                           Pyridoxal                           Pyridoxamine 

Figure 1-1. Structures of three natural forms of free vitamin B-6. 

 

              Pyridoxine 5’-                       Pyridoxal 5’-                Pyridoxamine 5’-                                                                                                                                                                                                                                                                                      
              phosphate                             phosphate                   phosphate 

Figure 1-2. Structures of phosphorylated derivatives of three natural forms of vitamin B-
6. 

http://lpi.oregonstate.edu/infocenter/glossary.html#ai
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Figure 1-3. Functional properties of vitamin B-6. SHMT: serine 

hydroxymethyltransferase; PLP: pyridoxal 5’-phosphate; PUFA: 
polyunsaturated fatty acids. 
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Figure 1-4. Synthesis of unsaturated fatty acids in mammals. MUFA, monounsaturated 
fatty acid; PUFA, polyunsaturated fatty acid. EPA: eicosapentaenoic acid; 
DHA: docosahexaenoic acid. 
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CHAPTER 2 
MARGINAL VITAMIN B-6 DEFICIENCY DECREASES PLASMA N-3 AND N-6 
POLYUNSATURATED FATTY ACID CONCENTRATIONS IN HEALTHY MEN 

AND WOMEN 

Introduction 

Vitamin B-6 functions as a coenzyme in the form of PLP in amino acid 

metabolism, heme biosynthesis, nucleic acid biosynthesis, and gluconeogenesis. 

Reports of a connection between vitamin B-6 status and lipid metabolism have 

appeared periodically for over 80 years. Essential fatty acids were reported to 

have an ameliorating effect on the dermatitis induced by vitamin B-6 deficiency in 

rats (1). Several rat studies showed that vitamin B-6 deficiency altered n-6 fatty 

acid profiles of tissue lipids, with a decrease of arachidonic acid (C20:4 n-6) and 

an increase of linoleic acid (C18:2 n-6) (4-6, 9). Other studies reported a 

significant change of n-3 fatty acid profiles of liver and kidney phospholipids in 

vitamin B-6 deficient rats (7, 112, 113). However, very few studies have 

investigated effects of changes in vitamin B-6 intake on fatty acid profiles in 

humans. One reported that plasma PUFA profiles in humans with vitamin B-6 

deficiency were not different from those with normal vitamin B-6 status. However, 

the ratios of C20: 5 n-3 / C18: 3 n-3 and C22:6 n-3 / C18:3 n-3 were significantly 

lower in the vitamin B-6 deficient group (8). Another study showed that 2-year 

supplementation of folate (1000 µg/d), vitamin B-6 (10 mg/d), and vitamin B-12 

(500 µg/d) did not change fatty acid profiles of plasma phosphatidylcholine 

among 123 participants although plasma homocysteine concentrations were 

significantly lower compared to the placebo group (71). 
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PUFAs frequently are associated with an immunomodulatory effect in 

humans. The n-6 PUFA class has a proinflammation effect that is mediated by 

the release of arachidonate-derived proinflammatory metabolites. In contrast, n-3 

PUFAs are associated with anti-inflammatory effects. Abnormal plasma fatty acid 

profiles are associated with many pathological conditions such as autoimmune 

disease, cardiovascular disease, diabetes, and depression, etc. Patients with 

such disorders tend to have higher plasma total n-6/n-3 PUFA ratio than healthy 

people (114-117). Elevated plasma free fatty acid concentrations induce insulin 

resistance and the release of proinflammatory mediators in vivo (118, 119). The 

long-chain PUFAs can be synthesized from dietary essential fatty acids – linoleic 

acid and α-linolenic acid in human body. Arachidonic acid, EPA and DHA serve 

as precursors of bioactive mediators involved in inflammation response and 

neuroprotection (120-122), while the PUFA composition of membrane lipids 

affects cell membrane fluidity and function (123). Prostaglandin production is 

directly modulated by the substrate availability of arachidonic acids and EPA in 

cellular membrane phospholipids (124).   

Clinically severe vitamin B-6 deficiency is rare. However, marginal vitamin 

B-6  status, as reflected by plasma PLP concentration between 20-30 nmol/L 

(88), is common in women of reproductive age especially current and former 

users of oral contraceptives, male smokers, and the elderly (95, 97, 98). 

Whereas no clinical signs are displayed with a marginal deficiency, metabolic 

changes can occur earlier and become more obvious as vitamin B-6 deficiency 

progresses. Previous studies in this lab showed that marginal vitamin B-6 
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deficiency alters plasma amino acid profiles with marked elevation of 

cystathionine and, to a lesser extent, elevation of glycine.  Tracer kinetic studies 

have shown that vitamin B-6 restriction yields increased postprandial rates of 

whole-body cystathionine synthesis and serine production from glycine, while 

other aspects of one carbon metabolism including fluxes of cysteine and 

methionine pools and rates of glycine cleavage and homocysteine remethylation 

processes were not significantly affected in healthy adults (82-86). 

Controlled vitamin B-6 restriction studies have allowed investigation of the 

effects of short-term marginal vitamin B-6 status [82-86]. Such studies have 

provided an opportunity to examine the effect of fatty acid profiles.  We report 

here fatty acid profiles in plasma free fatty acids and total plasma lipids as well as 

in PBMC and erythrocyte membranes in 23 healthy young adults that participated 

in two recent vitamin B-6 restriction protocols (84-86). 

Subjects and Methods 

Subjects  

Healthy adult men and nonpregnant women (20-40 y) were recruited and 

screened by standard clinical measures as previously described (86, 125). 

Medical history, dietary habits, and demographic data were assessed by a 

questionnaire. Inclusion criteria were: no history of gastrointestinal surgery, 

chronic disease or chronic drug use; no smoking or alcoholism; no dietary 

supplementation; no chronic consumption of a high-protein diet; and normal 

blood tests of hematological, electrolyte, renal and hepatic function. The 23 

eligible subjects had adequate nutritional status based on serum folate > 7 

nmol/L, vitamin B-12 > 200 pmol/L, plasma homocysteine < 12 µmol/L, plasma 
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PLP > 30 nmol/L, and a BMI < 28 kg/m2. Written informed consent was provided 

by each subject. The University of Florida Institutional Review Board and the 

University of Florida Clinical Research Center (UF-CRC) Scientific Advisory 

Committee reviewed and approved this protocol. 

Diet 

Participants consumed nutritionally adequate meals with standardized 

composition for 2 days to minimize dietary variations before the study. 

Thereafter, a continuous 28-day dietary intervention with restricted vitamin B-6 

content (< 0.5 mg/d) was administered to induce marginal vitamin B-6 deficiency 

(plasma PLP between 20-30 nmol/L). During this period, all the participants came 

to the UF-CRC twice a day to consume their breakfast and dinner. Lunch was 

taken out and snacks were given to compensate for daily energy needs. The 

meals were prepared by the CRC Bionutrition Unit. Custom supplements of 

multivitamins (no vitamin B-6) and multiminerals were given to the participants 

during restriction to assure adequate intake of all other nutrients. All dietary 

intake data of the 2-day (2-d) controlled diet and 28-day (28-d) vitamin B-6 

restricted diet were collected and analyzed using Nutrition Data System for 

Research Software version 2005/2007 (Nutrition Coordinating Center, University 

of Minnesota, Minneapolis, MN). Compliance in consuming the vitamin B-6 

restricted diet was monitored by measuring plasma PLP weekly (86, 125). 

Sample Collection and Screening Measurements 

Blood samples were collected after an overnight fast at the end of 2-d 

controlled diet and after the 28-d vitamin B-6 restricted diet. Plasma and 

erythrocytes were separated by centrifuging the whole blood at 1650 x g, 15 min 
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at 4oC within 15min of collection. PBMCs were separated using a commercial kit 

(Lymphocyte®-H, Cedarlane) from the whole blood within 2 h of collection. All 

blood fractions were stored at -80oC for later analysis. Serum folate and vitamin 

B-12 concentrations at baseline were measured using a commercial 

chemiluminescence-based assay (Elecsys, Roche Diagnostics). Plasma PLP and 

total homocysteine concentrations were determined by reverse-phase HPLC with 

fluorescence detection (126, 127). Plasma lipid fractions (triglycerides, total 

cholesterol, HDL-cholesterol and LDL-cholesterol) were measured according to 

standard clinical procedures by the Shands Hospital Clinical Laboratories. 

Total Fatty Acid Analysis in Plasma 

All chemicals and solvents were purchased from Fisher Scientific 

(Pittsburgh, PA) unless otherwise noted. All the solvents used are with HPLC 

grade or above. The individual fatty acid methyl ester (FAME) standards, the 

internal standard tricosanoic acid (C23:0), and the Supelco® 37 Component 

FAME Mix were purchased from Sigma Aldrich (St. Louis, MO).  

Plasma total lipids were extracted according to Folch et al (128). Plasma 

(200 µL) was added into 4 mL chloroform-methanol (vol:vol, 2:1) solvent mixture 

with 0.01% butylated hydroxytoluene (BHT). Tricosanoic acid (C23:0, 1 mg/mL) 

was used as the internal standard. The mixture was vortexed vigorously for 30 s 

and kept at room temperature for 1 h. Proteins were removed by filtration (0.45 

µm filter, Fisher Scientific). Sodium chloride (1 mol/L, 1 mL) was added to the 

mixture. Phase separation was achieved by centrifugation at low speed (1000 x 

g, 10 min) and the lower chloroform layer was collected and dried under nitrogen 

gas. Total fatty acids were then transmethylated to form FAMEs for gas 
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chromatography (GC) analysis. For the transmethylation reaction, 2 mL acetyl 

chloride-methanol (vol:vol, 5:95) solvent mixture was added into the reaction 

vials. The samples were heated at 100oC for 1 h. After cooling, the FAMEs were 

extracted by 1 mL isooctane with 0.01% BHT (129). The FAME-containing 

isooctane was washed with 200 µL NaCl (1 mol/L) and dried over anhydrous 

sodium sulfate (Na2SO4) and concentrated to 50-100 µL under nitrogen gas.  

The quantitative analysis of FAMEs was performed using a capillary column 

OmegawaxTM 250 (30 m x 0.25 mm x 0.25 µm; Supelco, Bellefonte, PA) on a 

TraceGC Ultra TM gas chromatograph with flame ionization detection (GC/FID, 

Thermo Scientific). The initial column temperature was 130oC holding for 5 min 

followed by an increase rate of 5oC/min until reaching 250oC and holding for 12 

min. The column was then heated at 270oC for 3 min to remove any residues 

before the next run. The injector and detector temperatures were set as 250 and 

270oC, respectively. Injections were performed at a split ratio of 1:50 for plasma 

samples, using helium as the carrier gas with a flow rate of 1 mL/min. The 

injection volume was 2 µL/per sample.  

Data acquisition and analysis were performed using Xcalibur software 

(Thermo Scientific). The Supelco® 37 Component FAME Mix and individual 

FAME standards were used for fatty acid identification, based on a comparison of 

peak retention times between samples and standards. The calculation of 

individual fatty acid concentrations was based on the area ratio of target fatty 

acid to the internal standard (C23:0) (methyl ester form). Plasma free fatty acid 
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concentrations were analyzed by the Sarah W. Stedman Nutrition and 

Metabolism Center at Duke University Medical Center (130).  

Membrane Fatty Acid Analysis in Erythrocytes and PBMCs 

Frozen red cells from a 1 mL pellet were thawed at room temperature and 

osmotically lysed with 1 mL cold distilled water. The cell pellet was centrifuged at 

1000 x g, 10 min at 4oC to remove unbroken cells, and then ultracentrifuged at 

100,000 x g, 30 min at 4oC using a near-vertical rotor NVT65 (Beckman Coulter). 

After aspirating the supernatants, total membrane pellets were washed with 1 mL 

cold distilled water 3 times and dispersed and homogenized by sonication in 300 

µL methanol. A modified fatty acid analytical method for biological samples with 

low lipid abundance was used, combining lipid extraction and fatty acid 

esterification into one step to minimize sample loss (131). Briefly, 90 µL of 

erythrocyte membrane homogenate in methanol was mixed with 2 mL of 14% (w: 

v) boron trifluoride/methanol reagent. The mixture was heated at 100oC for 1 h 

and then cooled to room temperature. The FAMEs were extracted by adding 2 

mL isooctane and then followed by washing with 2 mL NaCl (1 mol/L) solution. 

After vortexing vigorously for 30 s, phase separation was achieved by 

centrifuging at 1000 x g, 10 min at 4oC. The upper isooctane layer containing 

FAMEs was collected, dried over anhydrous Na2SO4, and finally concentrated to 

50-100 µL under nitrogen gas for GC analysis.  

The PBMC membrane fatty acids were analyzed similarly. Frozen PBMCs 

were re-suspended in 5 mL cold distilled water and disrupted by sonication for 30 

s. The disrupted cell suspension was centrifuged at 1000 x g, 10 min at 4oC to 

remove nuclei and unbroken cells. Total membrane fractions were collected by 
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ultracentrifugation at 100,000 Х g, 30 min at 4oC. The same method  was used 

for GC sample preparation of PBMC membrane lipids (131). The FAMEs 

derivatized from erythrocyte and PBMC membrane fatty acids were analyzed by 

GC/FID as described earlier. 

Statistical Analysis 

All data were presented as mean ± SD. A 2-sample t-test was performed to 

determine differences in baseline characteristics between men and women. All 

the other statistical differences were determined based on the log2 

transformation on 3 stages: 1) Multivariate analysis of variance (MANOVA) was 

used to evaluate the overall effects of marginal vitamin B-6 deficiency on fatty 

acid profiles of different blood fractions; 2) Step-down MANOVA analyses were 

performed to test the overall effects of marginal vitamin B-6 deficiency on n-3, n-6 

and n-9 fatty acid pools of different blood fractions, respectively; 3) Paired 1-

sample t-tests were used to evaluate the influence of marginal vitamin B-6 

deficiency on individual fatty acid metabolites and ratios of product to precursor 

fatty acids. For the first two steps, statistical significance was determined at the 

0.05 level of the Type I error rate. For the third step, statistical significance was 

determined after adjusting for multiple comparisons by controlling the positive 

false discovery rate (pFDR) at the 0.05 level and computing adjusted p-values 

(132). Data were analyzed using statistical software SAS 9.2.   

Results 

Participant Characteristics 

Table 2-1 shows the characteristics of 23 participants at baseline with 

normal nutritional status for vitamin B-6, folate, and vitamin B-12. There were no 
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significant differences in baseline characteristics between men and women 

except that female subjects had lower plasma PLP at baseline (59 ± 13 vs. 45 ± 

13 nmol/L) (p = 0.033) (Table 2-1). 

Effects of Marginal Vitamin B-6 Deficiency on Plasma Lipid Fractions, Total 
and Free Fatty Acid Concentrations 

Plasma PLP concentration decreased into the range of marginal deficiency 

from 52 ± 14 nmol/L to 21 ± 5 nmol/L (p ≤ 0.001) during the 28-d moderate 

vitamin B-6 restriction. Plasma total homocysteine concentration did not change 

(7.0 ± 1.3 vs. 7.1 ± 1.5 µmol/L) (Figure 2-1). 

Plasma HDL-cholesterol concentration decreased from 55 ± 10 to 52 ± 11 

mg/dL after vitamin B-6 restriction (raw p = 0.009). Plasma triglyceride 

concentration increased from 79 ± 23 to 90 ± 33 mg/dL (raw p = 0.029). 

However, after adjusting for the pFDR, there were no significant changes of total 

cholesterol, triglycerides, HDL-cholesterol and LDL-cholesterol (Figure 2-1).  

The MANOVA analysis of plasma total fatty acids showed that the 28-d 

moderate vitamin B-6 restriction affected the overall fatty acid profiles (p = 

0.0031), and those of the n-6 (p = 0.0004), n-3 (p = 0.0182) and n-9 (p = 0.0013) 

fatty acid pools in healthy adults (Table 2-2). The concentration of γ-linolenic acid 

(C18:3 n-6) and arachidonic acid (C20:4 n-6) significantly decreased from 42 ± 

20 to 37 ± 15 µmol/L (adjusted p < 0.05) and from 548 ± 96 to 490 ± 94 µmol/L 

(adjusted p < 0.001) after vitamin B-6 restriction. We also observed a significant 

decrease in plasma total EPA from 37 ± 13 to 32 ± 13 µmol/L (adjusted p = 

0.018) and DHA from 121 ± 28 to 109 ± 28 µmol/L (adjusted p = 0.018); however, 

concentrations of linoleic acid (C18:2 n-6) and α-linolenic acid (C18:3 n-3) that 
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are precursors of LCPUFA synthesis did not change. Total n-6 PUFA 

concentration did not change after vitamin B-6 restriction, but total n-3 PUFA 

concentration decreased (p = 0.01). Consequently, the plasma n-6/n-3 PUFA 

ratio increased modestly from 15.4 ± 2.8 to 16.6 ± 3.1 (p = 0.035). We also 

measured plasma free fatty acid concentrations which are considered to be 

indicators of inflammation. However, there were no significant changes in free 

fatty acid profiles after 28-d restriction compared to the baseline values (Table 2-

3).   

The ratios of precursor to product fatty acids (conversion indices) were 

calculated (Table 2-5) to provide a measure of relative fatty acid pool sizes, 

which would be related to rates of fatty acid interconversion and turnover in vivo. 

The ratio of plasma total C20:4 n-6 / C18:2 n-6 significantly decreased from 0.21 

± 0.04 to 0.19 ± 0.04 (p < 0.01) (Table 2-5). The MANOVA analysis showed that 

marginal vitamin B-6 deficiency had an overall effect on the conversion indices (p 

= 0.016) with a particular effect on the ratios of long-chain n-6 PUFAs to their 

precursor fatty acid C18:2 n-6 (p = 0.001) and also the ratios in n-9 pathway (p < 

0.001) (Table 2-2). 

Effects of Marginal Vitamin B-6 Deficiency on Membrane Fatty Acid 
Composition in Erythrocytes and PBMCS 

Membrane fatty acid composition is related to cell membrane fluidity and 

influences many cellular functions. However, we found no changes of fatty acid 

composition in red cell membrane lipids after 28-d vitamin B-6 restriction (Table 

2-4). The oleic acid (C18:1 n-9) in PBMC membrane lipids increased from 15.9 ± 

1.1 % to 16.6 ± 1.2 % (raw p = 0.025). However, after adjusting for pFDR, there 
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was no significant change. The ratio of C18:1 n-9 / C18:0 tended to increase in 

both erythrocyte and PBMC membrane lipids after restriction, although the 

changes were not significant (Table 2-5). Additionally, the MANOVA analysis 

showed an overall effect of vitamin B-6 restriction on the conversion indices of 

PBMC membrane fatty acids (p < 0.05) but there was no effect on n-3, n-6, and 

n-9 fatty acid pools in both erythrocyte and PBMC membrane lipids (Table 2-2). 

Discussion 

To our knowledge, this is the first study to investigate whether marginal 

vitamin B-6 deficiency affects fatty acid profiles in healthy adults. We observed a 

significant decrease of plasma total γ-linolenic acid (C18:3 n-6), arachidonic acid 

(C20:4 n-6), EPA (C20:5 n-3), and DHA (C22:6 n-3) concentrations but no 

changes in the levels of their precursor fatty acids, linoleic acid (C18:2 n-6) and 

α-linolenic acid (C18:3 n-3) after 28-d vitamin B-6 restriction. The ratio of C20:4 

n-6 / C18:2 n-6 in plasma total lipids decreased, suggesting that the synthesis, 

turnover or both of C20:4 n-6 was altered. These findings largely were consistent 

with those reported to occur in B-6 deficient rats (4-7, 9, 113). Free fatty acid 

concentrations in plasma were measured in this study, which was not done in 

previous rat studies. Free fatty acids usually originate from the mobilization of 

lipid droplets stored in adipose tissue or from the hydrolysis of circulating 

phospholipids (115). No significant changes were found in either individual or 

total free fatty acid concentrations in plasma, which suggested that marginal 

vitamin B-6 deficiency did not affect lipid mobilization in these healthy human 

individuals.  
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Circulating fatty acids modify membrane fatty acid composition by 

incorporating into membrane lipid bilayer or exchanging with membrane fatty 

acids. The exchange of fatty acids from plasma to blood cells is achieved through 

several mechanisms, including: transfer of albumin-bound free fatty acids by fatty 

acid binding proteins, transfer of phosphatidylcholine from plasma lipoproteins to 

cell membranes directly, and transfer of non-esterified fatty acids from the 

hydrolysis of triglycerides in lipoproteins (133, 134).  However, our analysis of 

erythrocyte and PBMC membrane lipids did not show any changes of n-6 and n-3 

PUFA compositions as reflected in plasma after 28-d vitamin B-6 restriction. The 

ratio of C18:1 n-9 / C18:0 in both erythrocyte and PBMC membrane fractions 

showed a modest, non-significant increase after vitamin B-6 restriction. Similar 

findings were observed in erythrocyte membrane lipids of rats fed with vitamin B-

6 deficient diet for 20 weeks (78). In this study, liver oleyl and arachidonyl CoA-

lysophospholipid acyltransferase activities were significantly higher in vitamin B-6 

deficient rats than pair-fed controls, which suggested that more arachidonate and 

oleate were incorporated into membrane phospholipids with vitamin B-6 

deficiency. Thus, the percentage of membrane arachidonic acid in blood cells 

may not differ much before and after vitamin B-6 restriction.       

 A potential mechanism underlying the lower n-6 and n-3 LCPUFAs in 

plasma after vitamin B-6 restriction is impairment of PUFA interconversion.  

Delta-6 desaturase activity decreased in vitamin B-6 deficient rats (4, 9), but the 

relation between such in vitro enzyme activity measurements and in vivo 

metabolic flux is unknown. Another hypothesis to account for our findings is that 
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changes of fatty acid profiles are due to the decrease in PC from PE methylation 

(6). Severe vitamin B-6 deficiency led to decreased phospholipid methylation by 

elevating homocysteine and further lowering PEMT co-substrate, SAM level while 

elevating PEMT inhibitory metabolite SAH in rat liver microsomes (10, 66). 

However, no significant change was found in plasma homocysteine concentration 

(83, 86) or in whole-body transmethylation flux (125) in this vitamin B-6 restriction 

protocol. Another link between vitamin B-6 and lipid metabolism is the PLP-

dependent enzyme, serine palmitoyltransferase that functions in sphingolipid 

biosynthesis by catalyzing the condensation of serine and palmitoyl-CoA to 

produce 3-ketodihydrosphingosine. Thus sphingolipid biosynthesis may be 

impaired with vitamin B-6 deficiency, which may also contribute to the altered 

fatty acid profiles (135). A recent study in rats using stable isotope tracers 

showed that only 6.3% of α-linolenic acid (C18:3 n-3) and 2.6% of linoleic acid 

(C18:2 n-6) from diets were utilized for fatty acid elongation and desaturation, 

while almost 80% of these precursor fatty acids were either catabolized or 

excreted (136). This suggests that vitamin B-6 deficiency may alter fatty acid 

oxidation. 

Total cholesterol and LDL concentrations increased in rats with subnormal 

vitamin B-6 status, but plasma HDL concentration did not differ from pair-fed 

controls (51). An increase of plasma triglycerides and cholesterol was reported in 

severe vitamin B-6 deficient rats (52). In our study, we observed a decrease of 

plasma HDL-cholesterol and an increase of triglycerides after vitamin B-6 

restriction (raw p < 0.05); however, there were no significant changes occurring 
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in plasma total cholesterol, HDL-cholesterol, LDL-cholesterol, and triglycerides 

after adjusting for pFDR. Low plasma PLP concentration is associated with an 

increased risk of cardiovascular disease, possibly by lowering HDL concentration 

while elevating LDL and total cholesterol concentrations (108, 111).  

Vitamin B-6 status has been shown to be inversely related to  inflammation 

in a large, general-population study (13). We observed that the n-6/n-3 PUFA 

ratio increased from 15.4 ± 2.8 to 16.6 ± 3.1 (p = 0.035) after vitamin B-6 

restriction. An elevated n-6/n-3 PUFA ratio is generally associated with the 

increased risk of inflammation (114-117). Additionally, the decrease of 

arachidonate, EPA and DHA in plasma also may suppress eicosanoid synthesis 

and may further alter the occurrence of inflammation. Low plasma PLP 

concentration is associated with an increase in the inflammation marker C-

reactive protein that is independent of plasma homocysteine concentration (11, 

108); however, we did not observe an elevation of C-reactive protein in a 

previous study with this vitamin B-6 restriction protocol (82).  

However, one might question that such changes of plasma fatty acid 

profiles were possibly contributed by changes of dietary fatty acid patterns during 

vitamin B-6 restriction. A summary of dietary fatty acids and other major diet 

constituents of the 2-d controlled diet and 28-d vitamin B-6 restricted diet is 

shown in Table 2-6. Unfortunately, dietary fatty acid composition of participants’ 

regular diet before they enrolled in the study was not available. Based on the 

dietary fatty acid data available, a linear regression model was built to evaluate 

effects of low vitamin B-6 diet on changes of plasma fatty acid profiles after 
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adjusting for gender and dietary fatty acid composition. The low vitamin B-6 diet 

was correlated to the changes of plasma linoleic acid and DHA concentrations (p 

< 0.05). However, there were no direct effects of dietary fatty acids on any 

changes of plasma fatty acid profiles during vitamin B-6 restriction. The gender 

difference also did not contribute to any changes of plasma fatty acid profiles 

after adjusting for dietary vitamin B-6 and fatty acid intake. The linear regression 

model provided us an alternative perspective to look into the interaction between 

vitamin B-6, dietary fatty acids and fatty acid profiles in human blood and 

suggested conclusions derived from direct statistical analysis of fatty acid 

patterns and ratios.  

Plasma fatty acid profiles were considered as significant biomarkers of 

dietary fatty acid intake based on previous work (137-140). The Atherosclerosis 

Risk in Communities (ARIC) Study showed that plasma EPA and DHA of 

phospholipids and cholesterol esters were the strongest correlated to their dietary 

intake, linoleic acid and saturated fatty acids (SFA) had a moderate correlation, 

while MUFAs were only weakly correlated to dietary intake in middle-aged adults 

(139). As presented in Table 2-6, the 28-d restricted diet tended to have less 

PUFA than the 2-d controlled diet. Studies showed that a low-PUFA diet altered 

plasma fatty acid profiles by elevating LCPUFA (C20:4 n-6, C20:5 n-3 and C22:6 

n-3) composition (138, 140). This was probably due to a compensatory 

mechanism of stimulating desaturase and elongase activities in LCPUFA 

synthesis in vivo when dietary sources were limited. Erythrocytes lack the 

capacity of LCPUFA biosynthesis and are thus a good reflection of dietary fatty 
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acid intake in mid-term (141). It generally takes 4-6 weeks to equilibrate 

erythrocyte fatty acid composition with diet (142). However, our 4 weeks of 

vitamin B-6 restricted study did not show any changes of fatty acid composition in 

erythrocyte membrane, suggesting that the influence from changes of dietary 

fatty acid patterns was minimal in this study. 

Although the dietary fatty acid composition of 23 participants before the 

study was not known, the 28-d vitamin B-6 restricted diet was largely based on 

the nutrient composition of a western diet that the US population typically 

consumes except for low vitamin B-6 content. The participants were all in a 

healthy status with no special dietary preferences. Therefore, we would rather 

conclude that the decrease of plasma n-3 and n-6 LCPUFA concentrations in this 

study was primarily from the low vitamin B-6 intake but not from any changes of 

dietary fatty acid composition in our vitamin B-6 restricted diet compared to a 

typical western diet.       

As a conclusion, short-term marginal vitamin B-6 deficiency decreased 

plasma long-chain n-6 and n-3 PUFA concentrations. These changes may have 

important implications regarding the pathobiology of cardiovascular disease and 

of other disorders in which the metabolism of long-chain fatty acids is perturbed.
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Table 2-1. Baseline characteristics of 23 healthy men and women participating in the 
study. 

Characteristics 
 

Men Women Total 

(n = 12) (n = 11) (n = 23) 

Age (y) 24 ± 51 
25 ± 6 25 ± 5 

BMI (kg/m2) 24.5 ± 2.7 23.6 ± 2.3 24.1 ± 2.5 

Plasma PLP (nmol/L) 59 ± 13 45 ± 132 52 ± 14 

Serum folate (nmol/L) 34 ± 8 30 ± 7 32 ± 7 

Serum vitamin B-12 (pmol/L) 349 ± 115 388 ± 129 368 ± 124 

Plasma homocysteine (µmol/L) 7.5 ± 1.0 6.4 ± 1.3 7.0 ± 1.3 
1All values are means ± SDs. 
2Significant difference between men and women, P < 0.05 (2-sample t-test). 
 
 
Table 2-2. The MANOVA analysis of overall effects of 28-d moderate vitamin B-6 

restriction on n-3, n-6, n-9 fatty acids, and ratios of product to precursor fatty 
acids in different blood fractions. 

Categories 
MANOVA p-value 

Overall 
N-6 fatty 

acids 
N-3 fatty  

acids 
N-9 fatty  

acids 

Plasma total fatty acid  
concentrations 

0.0031 0.0004 0.0182 0.0013 

Plasma free fatty acid  
concentrations 

NS NS NS NS 

Erythrocyte membrane fatty acid  
composition 

NS NS NS NS 

PBMC membrane fatty acid  
composition 

0.0305 NS NS NS 

Product to precursor fatty acids 
 (plasma total fatty acids) 

0.016 0.001 NS 0.0003 

Product to precursor fatty acids 
 (plasma free fatty acids) 

NS NS NS NS 

Product to precursor fatty acids 
 (erythrocyte membrane fatty acids) 

NS NS NS NS 

Product to precursor fatty acids 
(PBMC membrane fatty acids) 

0.0418 NS NS NS 

Significantly different between baseline and after vitamin B-6 restriction when P < 0.05. 
NS, not significant. 
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Table 2-3. Plasma total fatty acid and free fatty acid concentrations in 23 healthy men 

and women at baseline and after 28-d moderate vitamin B-6 restriction. 

Fatty acids  
Total fatty acids  Free fatty acids 

Baseline Restricted  Baseline  Restricted  

Palmitic acid (C16:0) 
(µmol/L)  

2227 ± 3881 
2187 ± 365  110 ± 59 110 ± 39 

Palmitoleic acid (C16:1 n-7) 
(µmol/L) 

134 ± 55 112 ± 412 
 15 ± 9 14 ± 4 

Stearic acid (C18:0)  
(µmol/L) 

947 ± 189 940 ± 213  33 ± 15 38 ±16 

Oleic acid (C18:1 n-9) 
(µmol/L) 

1400 ± 346 1436 ± 294  168 ± 92 173 ± 56 

Linoleic acid (C18:2 n-6) 
(µmol/L) 

2647 ± 409 2653 ± 474  69 ± 45 66 ± 27 

γ-Linolenic acid (C18:3 n-6) 
(µmol/L) 

42 ± 20 37 ± 152  - - 

Arachidonic acid (C20:4 n-6) 
(µmol/L) 

548 ± 96 490 ± 943  3.0 ± 1.7 2.8 ± 1.3 

α-Linolenic acid (C18:3 n-3) 
(µmol/L) 

58 ± 18 56 ± 18  6.0 ± 5.5 5.5 ± 4.4 

EPA (C20:5 n-3)4  
(µmol/L) 37 ± 13 32 ± 132 

 - - 

DHA (C22:6 n-3)4 
(µmol/L) 

121 ± 29 109 ± 282  - - 

 
Σ Saturated fatty acids 
(µmol/L) 

3170 ± 555 3130 ± 554  143 ± 73 148 ± 54 

Σ MUFA3  
(µmol/L) 

1530 ± 391 1550 ± 322  182 ± 99 187 ± 59 

Σ n-6 PUFA3 
(µmol/L) 

3240 ± 446 3180 ± 498  72 ± 46 69 ± 27 

Σ n-3 PUFA  
(µmol/L) 

216 ± 42 197 ± 462  6.0 ± 5.5 5.5 ± 4.4 

n-6/n-3 ratio 15.4 ± 2.8 16.6 ± 3.12  13.1 ± 4.8 15.9 ± 8.3 
1All values are means ± SDs.  
Significantly different from baseline, 2P < 0.05, 3P < 0.001. 
4Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; MUFA, 
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. 
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Table 2-4. Fatty acid composition (in weight percentage, wt %)1 of erythrocyte and 
PBMC membrane lipids in 23 healthy men and women at baseline and after 
28-d moderate vitamin B-6 restriction. 

1wt %, weight percentage. 
2All values are means ± SDs.  
 
 
Table 2-5. Ratios of product to precursor fatty acids for plasma total fatty acids, 

erythrocyte and PBMC membrane fatty acids in 23 healthy men and women 
at baseline and after 28-d moderate vitamin B-6 restriction. 

Ratios 
Plasma       Red cell membrane  PBMC membrane 

Baseline Restricted  Baseline Restricted  Baseline Restricted 

n-9 pathway  
  

 
  

 
  

C16:1n-7/C16:0 0.06 ± 0.021 0.05 ± 0.02  0.01 ± 0.01 0.01 ± 0.00  0.01 ± 0.00 0.01 ± 0.00 

C18:1n-9/C18:0 1.52 ± 0.47 1.59 ± 0.43  0.67 ± 0.06 0.69 ± 0.07  0.67 ± 0.05 0.70 ± 0.05 

n-6 pathway  
  

 
  

 
  

C18:3n-6/C18:2n-6 0.02 ± 0.01 0.01 ± 0.01  - -  - - 

C20:4n-6/C18:2n-6 0.21 ± 0.04 0.19 ± 0.042  1.47 ± 0.26 1.45 ± 0.26  2.12 ± 0.34 2.20 ± 0.37 

n-3 pathway 
  

 
  

 
  

C20:5n-3/C18:3n-3 0.70 ± 0.35 0.62 ± 0.24  - -  - - 

C22:6n-3/C18:3n-3 2.28 ± 0.90 2.15 ± 0.80  - -  - - 
1 All values are means ± SDs. 
2Significantly different from baseline (P < 0.01). 
 
 

Fatty acids   
 Red cell membrane lipids  PBMC membrane lipids 

Baseline Restricted  Baseline Restricted 

Palmitic acid (C16:0)    24.4 ± 1.0 24.6 ± 1.0  20.0 ± 1.8 19.9 ± 1.6 

Palmitoleic acid (C16:1 n-7)    0.34 ± 0.16 0.34 ± 0.12  0.27 ± 0.09 0.27 ± 0.09 

Stearic acid (C18:0)  19.4 ± 1.4 19.1 ± 1.3  23.9 ± 0.75 23.8 ± 0.8 

Oleic acid (C18:1 n-9)   12.9 ± 0.9 13.2 ± 1.0  15.9 ± 1.1 16.6 ± 1.2 

Linoleic acid (C18:2 n-6)  13.6 ± 1.6 13.6 ± 1.7  11.8 ± 1.4 11.4 ± 1.4 

Eicosatrienoic acid (C20:3 n-6)  2.19 ± 0.52 2.11 ± 0.47  1.96 ± 0.56 1.99 ± 0.44 

Arachidonic acid (C20:4 n-6)  19.6 ± 1.6 19.4 ± 1.5  24.7 ± 2.0 24.8 ± 1.9 

EPA (C20:5 n-3) 0.45 ± 0.12 0.43 ± 0.13  - - 

DHA (C22:6 n-3)  7.0 ± 0.9 7.0 ± 1.0  1.50 ± 0.33 1.52 ± 0.34 
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Table 2-6. The dietary fatty acid and major nutrient composition in the 2-d controlled diet 
and 28-d vitamin B-6 restricted diet. 

Major nutrients and dietary fatty acids 2-d controlled diet 28-d restricted diet 

Total grams (g) 2750 ± 4921 2770 ± 598 

Total energy (kcal) 2610 ± 440 2830 ± 596 

Total carbohydrate (g) 415 ± 78 435 ± 103 

Total protein (g) 60.5 ± 6.9 71.5 ± 12.8 

Total fat (g) 83 ± 18 92 ± 19 

Cholesterol (mg) 234 ± 162 244 ± 82 

Total saturated fatty acids (g) 27 ± 8 35 ± 7 

Total MUFA (g) 29 ± 7 36 ± 10 

Total PUFA (g) 20 ± 5 15  ± 4 

SFA 16:0 (palmitic acid) (g) 13 ± 3 16 ± 3 

SFA 18:0 (stearic acid) (g) 7.0 ± 1.6 8.8 ± 1.9 

MUFA 16:1 n-7 (palmitoleic acid) (g) 0.74 ± 0.23 0.92 ±0.21 

MUFA 18:1 n-9 (oleic acid) (g) 28 ± 7 35 ± 10 

PUFA 18:2 n-6 (linoleic acid) (g) 18 ± 5 14 ± 4 

PUFA 18:3 n-3 (linolenic acid) (g) 1.8 ± 0.5 1.3 ± 0.5 

PUFA 20:4 n-6 (arachidonic acid) (g) 0.073 ± 0.059 0.050 ± 0.025 

PUFA 20:5 n-3 (EPA) (g) 0.0043 ± 0.0050 0.0000 ± 0.0000 

PUFA 22:6 n-3 (DHA) (g) 0.016 ± 0.015 0.013 ± 0.006 

Polyunsaturated to saturated fat ratio 0.78 ± 0.20 0.46 ± 0.14 

Total vitamin B-6 (mg) 1.02 ± 0.11 0.37 ± 0.04 
1All values are means ± SDs for dietary intakes of all 23 participants. 
The data of dietary fatty acid and major nutrient composition were collected and 
analyzed using Nutrition Data System for Research Software Version 2005/2007 
developed by the Nutrition Coordinating Center, University of Minnesota, Minneapolis, 
MN. 
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Figure 2-1. Effects of 28-d moderate vitamin B-6 restriction on plasma lipid fractions (A) 

and plasma PLP and homocysteine concentrations (B) of 23 participants. *P < 
0.001. 
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CHAPTER 3 
VITAMIN B-6 DEFICIENCY IMPAIRS FATTY ACID SYNTHESIS IN CULTURED 

HUMAN HEPATOMA (HEPG2) CELLS 

Introduction 

Vitamin B-6 functions as a coenzyme in the form of PLP in a variety of metabolic 

reactions including amino acid metabolism, carbohydrate metabolism, heme synthesis, 

and nucleotide synthesis. The interaction between vitamin B-6 and lipid metabolism was 

firstly recognized in the 1930s (1). Early rat studies showed that essential fatty acids 

had an ameliorating effect on the dermatitis induced by vitamin B-6 deficiency. Later 

studies reported that severe vitamin B-6 deficiency altered n-3 and n-6 LCPUFA 

patterns of different tissue lipids in rats, which was proposed to be due to impaired 

LCPUFA synthesis in vivo  (4-7, 9). However, there is no direct evidence of PLP 

functioning as the cofactor of any desaturases or elongases in LCPUFA synthesis.  

Two recent clinical studies in this lab with moderate vitamin B-6 restriction protocol 

indicated that marginal vitamin B-6 led to a significant decrease of γ-linolenic acid 

(C18:3 n-6), arachidonic acid (C20:4 n-6), EPA (C20:5 n-3), and DHA (C22:6 n-3) 

concentrations by 10-15% in plasma (Chapter 2). However, the mechanisms for such 

metabolic changes of fatty acid profiles with inadequate vitamin B-6 status remain 

unclear. 

The HepG2 cell line is an alternative experimental model to study unsaturated fatty 

acid biosynthesis of human liver cells, the primary site for de novo lipogenesis. Previous 

studies showed active LCPUFA synthesis from precursor fatty acids linoleic acid (C18:2 

n-6) and α-linolenic acid (C18:3 n-3) in HepG2 cells  (143, 144). The current study 

aimed to determine whether different physiological-related concentrations of vitamin B-6 
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altered fatty acid profiles in HepG2 cells and to explore relevant mechanisms underlying 

such metabolic changes.     

Stable-isotope tracer studies provide an effective way to characterize incorporation 

of metabolic substrates and their interconversion to intermediates and end metabolites 

through either synthetic or catabolic pathways using substrates labeled with specific 

stable isotopes (e.g. 13C or 2H). Our lab previously utilized [3-13C] serine and [U-13C5] 

methionine tracers to study homocysteine metabolism in transsulfuration and 

remethylation pathways in human colon carcinoma (Caco-2) cells under conditions of 

folate adequacy and folate deprivation (145). Stable-isotope tracer studies provide a 

novel way to measure the rate of metabolite uptake, synthesis and catabolism 

dynamically to compliment static measures of metabolite concentration (146). In this 

study, we utilized stable-isotope labeled parent fatty acids (C18:0, C18:2 n-6, and C18:3 

n-3) to investigate fatty acid desaturation and elongation processes in HepG2 cells 

cultured under different physiological-related concentrations of vitamin B-6.   

LCPUFA biosynthesis requires a series of desaturases and elongases (Chapter 1, 

Figure 1-4). Delta-6 desaturase is the first rate-limiting enzyme of long chain n-3 and n-

6 PUFA synthesis. The delta-6 desaturation of C18:2 n-6 to C18:3 n-6 in vivo is 

catalyzed by multi-enzyme components including NADH-cytochrome b5 reductase, 

cytochrome b5, and terminal delta-6 desaturase that are all embedded in the lipid bilayer 

of microsomal membrane (76). Studies showed that delta-6 desaturase activity 

decreased by 40-60 % in vitamin B-6 deficient rats compared to their pair-fed controls 

(4, 9), however, no studies have been done to investigate whether vitamin B-6 

deficiency alters delta-6 desaturase and other enzymes in LCPUFA synthesis at the 
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gene expression level. In this study, we also determined the influence of vitamin B-6 

concentrations on relative mRNA expression of desaturases and elongases in HepG2 

cells. 

Materials and Methods 

Materials 

The HepG2 cell line was obtained from American Type Culture Collection 

(Manassas, VA). Culture media and medium supplements were purchased from 

Hyclone (Logan, UT) or Cellgro (Manassas, VA). The stable-isotope labeled fatty acids 

[U-13C18] linoleic acid ethyl ester, [D-35] stearic acid and [17,17,18,18,18 -D5] α-

linolenic acid sodium salt were purchased from Cambridge Isotope Laboratories 

(Andover, MA). The Trizol reagent for RNA extraction was purchased from Invitrogen 

(Carlsbad, CA). The iScript cDNA synthesis kit, qRT-PCR kit - iQTM SYBR Super Mix 

and Bradford protein assay kit  were purchased from Bio-Rad (Hercules, CA). All the 

other chemicals and solvents were purchased from Fisher Scientific (Pittsburgh, PA) or 

Sigma Aldrich (St. Louis, MO). All the solvents used are with HPLC grade or above.   

Cell Culture 

HepG2 cells were cultured in MEM/EBSS media supplemented with 0.1 mM non-

essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine and 10% fetal bovine 

serum. HepG2 cells were incubated at 37oC in a 5% CO2 atmosphere and cells were 

passaged every 3 - 4 days with fresh media and were continuously cultured for 6 weeks 

until their intracellular PLP reached a steady level. The culture media (vitamin B-6 free) 

was fortified with different physiological-related concentrations of pyridoxal-HCl (PL): 10 

nmol/L PL representing severe vitamin B-6 deficiency, 20 nmol/L PL representing 

marginal vitamin B-6 deficiency, and 50 nmol/L PL representing adequate vitamin B-6 
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status as reflected in the range of plasma PLP concentration (best single indicator of 

vitamin B-6 status) in humans (98, 147, 148). Cells were also cultured in the regular 

media containing the non-physiologically high concentration of PL (2000 nmol/L) 

consisted with the standard composition of MEM/EBSS.  

Intracellular PLP Analysis 

The assessment of vitamin B-6 status in HepG2 cells was determined by 

measuring their intracellular PLP weekly. Cells were harvested and washed with PBS 

three times, and resuspended in 1.2 mL PBS. The cell suspension was then sonicated 

for 45 s and 500 µL of disrupted cell suspension was immediately mixed with 500 µL 

10% (w: v) trichloroacetic acid (TCA) for protein precipitation. The mixture was clarified 

by centrifugation at 10,600 x g for 10 min. The 750 µL supernatant was mixed with 50 

µL semicarbizade (0.5 mol/L) to derivatize PLP and PL to their semicarbazone forms for 

fluorescence detection. The samples were incubated at 37oC for 12-15 min, and were 

extracted by 3 mL diethyl ether twice and 3 mL dichloromethane once to remove TCA 

and cellular lipids in the sample. The semicarbazone derivatives of PLP and PL were 

measured by HPLC (JASCO, Easton, MD) with a reverse phase Microsorb-MV C18 

column (100 Å, 3 µm x 4.6 mm x 10 cm, Varian). A post-column alkalinization with 4% 

NaOH (w: v) was used to enhance the fluorescence of PLP and PL semicarbazones for 

detection. The excitation and emission wavelengths for PLP and PL were 350 nm and 

478 nm. An isocratic mobile phase was used for PLP and PL separation (97% of 0.05 

mol/L KH2PO4  with 3% of acetonitrile, pH 2.9) at the flow rate of 1.1 mL/min (126). Total 

cell protein content was measured by a commercial kit for Bradford protein assay from 

Bio-Rad (149). The intracellular PLP concentration was normalized by total cell protein 

content in each sample. 
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Total Fatty Acid Profile Analysis in HepG2 Cells Cultured with Different PL 
Concentrations 

HepG2 cells were harvested and washed with PBS three times before the 

analysis. The cell suspension in PBS was sonicated 45 s for cell disruption. The sample 

preparation and quantitative analysis of total cellular fatty acid profiles were performed 

in a way as described previously in Chapter 2 (128, 129). Total cell protein was 

measured to normalize individual fatty acid concentrations in each sample (149).  

Membrane Fatty Acid Analysis in HepG2 Cells Cultured with Different PL 
Concentrations 

HepG2 cells were harvested and washed with PBS three times before the 

analysis. The cell suspension was sonicated 45 s for cell disruption. The fatty acid 

composition of HepG2 cell membrane was determined in a way as described in Chapter 

2 (131). 

Stable-Isotope Tracer Study of Unsaturated Fatty Acid Synthesis in HepG2 Cells 
Cultured with Different PL Concentrations 

HepG2 cells were cultured in media with different PL concentrations for 3 days to 

reach a confluency of 70-80%. Cells were then incubated with the unlabeled form of 

C18:2 n-6 (25 µmol/L) or C18:3 n-3 (25 µmol/L) for 24 h due to their low abundance in 

media. The solubility of fatty acids in aqueous media was achieved by binding fatty acid 

molecules to bovine serum albumin (fatty-acid free) as a molar ratio of 2:1. After 24 h, 

cell media were replaced with fresh media enriched with [U-13C18] linoleic acid (25 

µmol/L), [D-35] stearic acid (50 µmol/L), or [D-5] α-linolenic acid (25 µmol/L). The time 

course covered 16 h with time points of 0, 4, 8, 12, 16 h. Cell and medium samples 

were collected at each time point.  
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Total cellular lipids were extracted and derivatized to FAMEs as described in 

Chapter 2 (128, 129). The isotopic enrichment was determined by a TRACE DSQ gas 

chromatograph-mass spectrometry (Finnigan-Thermoquest Voyager, San Jose, CA) 

with a capillary column OmegawaxTM 250 (30 m x 0.25 mm x 0.25 µm; Supelco, 

Bellefonte, PA). The fatty acid separation was achieved at a helium flow rate of 1.0 

mL/min with similar GC conditions as described in Chapter 2. Negative chemical 

ionization – mass spectrometry was utilized to determine fatty acid metabolites 

synthesized from their stable-isotope labeled precursors using methane as the reagent 

gas at a source temperature of 150oC and electron energy of 70 eV. The abundance of 

specific ions was determined by selected ion monitoring at the corresponding 

mass/charge (m/z) ratios of precursor fatty acids and their major metabolites in 

synthetic pathways as shown in Table 3-1. The enrichment of different precursor and 

product fatty acids was determined as the ratio of their labeled to unlabeled  forms 

accordingly. 

Real-Time Reverse Transcriptase PCR (qRT-PCR) Analysis of mRNA Expression 
of Desaturases and Elongases in HepG2 Cells Cultured with Different PL 
Concentrations 

HepG2 cells were cultured in a 6-well plate for 3 days to reach a confluency of ~ 

80%. The media were removed and 1 mL Trizol reagent was added to lyse the cells. 

Samples were transferred into 1.5 mL microcentrifuge tubes, and 200 µL of chloroform 

was added and shaken vigorously for 15 s. Samples were incubated for 5 min at room 

temperature followed by centrifugation at 8,000 x g for 15 min at 4oC. The upper 

aqueous layer was collected and 500 µL of isopropanol was added for RNA 

precipitation. Samples were then incubated for 10 min at room temperature followed by 

centrifugation at 16,000 x g for 15 min at 4oC. The supernatant was aspired and the 
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RNA pellet at the bottom was washed with 70% ethanol. The RNA pellets were air-dried 

for 5-10 min, and reconstituted in 100 µL of RNase-free water. The RNA purity and 

concentration were determined by Eppendorf Biophotometer (Eppendorf, Hauppauge, 

NY) reading absorbance at 260 and 280 nm.     

The cDNA synthesis was performed using an iScript cDNA synthesis kit from Bio-

Rad. According to the manufacturer’s protocol, 15 µL diluted RNA stock (containing ~ 1 

µg RNA) was mixed with 4 µL reaction mix and 1 µL RNase H+ MMLV reverse 

transcriptase. Samples were running on a S1000TM Thermal Cycler (Bio-Rad, Hercules, 

CA) with the following conditions: holding for 5 min at 25oC, 40 min at 42oC, 5 min at 

85oC and finally cooling to 4oC. 

The cDNA sequences of FADS1 (delta-5 desaturase), FADS2 (delta-6 

desaturase), SCD (delta-9 desaturase), ELOVL-2 (elongase-2), and ELOVL-5 

(elongase-5), and housekeeping gene GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase) in homo sapiens were retrieved from GenBank. The real-time PCR 

primers were designed using an online primer design tool – NetPrimer (Premium 

Biosoft, Palo Alto, CA) and synthesized by Integrated DNA Technologies (IDT Inc., 

Coralville, IA). The primer sequences used for qRT-PCR are listed in Table 3-2. The 

forward and reverse primers for each gene were selected from two exons separated by 

a long intron (> 1000 bp), which prevents the amplification of accidentally contaminated 

genomic DNA in total RNA extract in later PCR step. 

The qRT-PCR analysis was performed using a commercial kit iQTM SYBR Super Mix 

from Bio-Rad. According to the manufacturer’s protocol, 1 µL cDNA product was mixed 

with 10 µL Super Mix, 1.5 µL primer mixer and 7.5 µL H2O on a 96-well plate. The real-



 

67 

time PCR reaction was running on a CFX96 Touch™ Real-Time PCR Detection System 

(Bio-Rad, Hercules, CA) with the following conditions: 50°C for 2 min, 95°C for 8.5 min, 

and 42 cycles with 95°C for 30 sec and 60°C for 1 min.  A melting curve analysis was 

performed after 42 cycles of amplification and single amplicons were detected in all 

reactions. The relative mRNA expression was calculated by ∆∆Ct method. Specifically, 

∆Ct values were calculated as the differences between Ct values of GOI (gene of 

interest) and the housekeeping gene GAPDH. The ∆∆Ct values were calculated as the 

differences between ∆Ct values of treatment and control. In this study, we considered 

HepG2 cells cultured in regular media with 2000 nmol/L PL as the control group. The 

relative changes of mRNA expression compared to the control were calculated as 2-ΔΔCt. 

Statistical Analysis 

All the data were presented as mean ± SD. The significant differences were 

determined by One-Way ANOVA with pairwise comparison (p < 0.05). The areas under 

the enrichment curves (AUCs) generated from the 16-h time course experiments were 

calculated using SigmaPlot 10.0. All statistical analysis was performed by SigmaPlot 

10.0 software. 

Results 

Intracellular PLP Analysis of HepG2 Cells in Media with Different PL 
Concentrations over 6 Weeks 

Intracellular PLP concentrations of HepG2 cells cultured with different PL 

concentrations were measured weekly over 6 weeks. As shown in Figure 3-1, the 

differences of intracellular PLP concentrations among the four experimental groups 

started to become obvious at the end of week 2, and reached to a steady level after 4 

weeks. At the end of week 6, intracellular PLP concentrations of the four experimental 
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groups remained stable and were significantly different from each other (P < 0.001). 

This suggested that different intracellular vitamin B-6 levels were achieved after 6 

weeks.  

Total Fatty Acid Profiles in HepG2 Cells as Related to PL Concentrations in 
Culture Media 

Total fatty acid profiles of HepG2 cells cultured with different PL concentrations 

were listed in Table 3-3. We observed that most individual fatty acid concentrations 

were significantly higher in cells cultured with 10 nmol/L PL than those in the other three 

experimental groups. As reflected in Table 3-3, the lower PL concentration was in the 

media, the higher fatty acid concentration was in cells. However, the 20 nmol/L PL 

group and 50 nmol/L PL group did not differ from each other in all individual fatty acid 

concentrations we measured. Total cellular arachidonic acid concentration (C20:4 n-6) 

did not differ among the four groups. This was possibly due to the accumulation of fatty 

acids counteracting the lower arachidonic acid concentration with low vitamin B-6 level. 

We also measured total fatty acid composition by weight percentage, the relative 

proportion of arachidonic acid (C20:4 n-6) was significantly lower in 20 nmol/L PL group 

(3.66 ± 0.35 %) and 50 nmol/L PL group (3.62 ± 0.24 %) compared to 2000 nmol/L PL 

group (4.25 ± 0.24 %) (p < 0.05). Additionally, the relative proportion of oleic acid (C18:1 

n-9) was significantly higher in 20 nmol/L PL group (35.4 ± 1.6 %) than 2000 nmol/L PL 

group (32.4 ± 0.5 %) (p < 0.05).  

Membrane Fatty Acid Composition in HepG2 Cells as Related to PL 
Concentrations in Culture Media 

Table 3-5 presented the fatty acid composition of HepG2 cell membrane. The 

concentration of PL in the media had an overall effect on the weight percentages of 

dihomo-γ-linoleic acid (C20:3n-6) (p < 0.001), arachidonic acid (C20:4 n-6) (p < 0.01) 
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and DHA (C22:6 n-3) (p < 0.05). Specifically, the weight percentage of C20:3 n-6 was 

31 % lower in 10 nmol/L PL group than the regular medium control (2000 nmol/L PL: 

0.86 ± 0.06 % vs. 10 nmol/L PL: 0.59 ± 0.05 %). However, there was no difference of 

membrane C20:3 n-6 between the 10 and 20 nmol/L PL groups. The weight percentage 

of membrane C20:4 n-6 was lower in cells with severe vitamin B-6 deficiency than those 

with adequate status (10 nmol/L PL: 4.82 ± 0.18 % vs. 50 nmol/L PL: 5.10 ± 0.14 %). 

Membrane C22:6 n-3 was significantly higher in 10 nmol/L PL group than the regular 

medium control (10 nmol/L PL: 2.94 ± 0.31 % vs. 2000 nmol/L PL: 2.48 ± 0.06 %). The 

response of membrane fatty acid composition to different PL concentrations in the 

media seemed to be stronger than that of total cellular fatty acid composition.  

The conversion indices were calculated as ratios of product fatty acids to their 

precursors in Table 3-6. Ratios of total C20:4 n-6/C18:2 n-6 and C20:4 n-6/C20: 3 n-6 

were lower in 10 nmol/L group (0.98 ± 0.12; 2.73 ± 0.27) than 2000 nmol/L PL group 

(1.18 ± 0.05; 3.41 ± 0.34) (p = 0.008). In cell membrane fraction, however, the ratio of 

C20:4 n-6/C20: 3 n-6 increased from 5.95 ± 0.33 to 7.73 ± 1.10 unexpectedly (p ≤ 0.01). 

There was no difference of conversion indices in both total cellular and membrane fatty 

acids among three groups with 10, 20, and 50 nmol/L of PL. 

Stable-Isotope Tracer Study of Unsaturated Fatty Acid Synthesis in HepG2 Cells 
as Related to PL Concentrations in Culture Media 

Plots of isotopic enrichment (presented as ratios of labeled to unlabeled fatty 

acids) vs. time for n-9 fatty acids (Figure 3-2) with a 16-h time course indicated that the 

appearance of labeled intracellular D35-C18:0 (precursor) and D33-C18:1 n-9 (its 

product)  reached plateau at ~ 12-h post treatment. The enrichment of D35-C18:1 n-9 at 

plateau was significantly higher in cells cultured in 2000 nmol/L PL media than those in 
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media with 10 nmol/L, 20 nmol/L, and 50 nmol/L PL (p < 0.001), however, there was no 

difference among the three lower-PL groups. Similarly, plots of isotopic enrichment vs. 

time for n-6 (Figure 3-3) and n-3 (Figure 3-4) fatty acids within 16 h indicated that the 

enrichment of product fatty acids, [U-13C] C20:4 n-6 (p < 0.001), and D5-C20:5 n-3 (p < 

0.05) were significantly higher after 12-h post treatment in 2000 nmol/L PL group than 

the other 3 groups. No difference was found among three lower-PL groups at 12 h.    

Areas under the enrichment curves (AUCs) were calculated as a measurement of 

relative pool sizes of labeled precursor and newly-synthesized labeled fatty acids (Table 

3-7). The isotope-enriched precursor pools of C18:2 n-6 and C18:3 n-3 did not differ 

among the 4 groups, however, the isotope-enriched C18:0 pool was slight larger in 10 

nmol/L PL group than 2000 nmol/L PL group (23.0 ± 0.3 vs. 21.7 ± 0.5) (p = 0.017). The 

AUCs of newly-synthesized n-6 fatty acids, [U-13C] 20:3 n-6 and [U-13C] 20:4 n-6 were 

smaller in 10 nmol/L PL group compared to the regular medium control (4.14 ± 0.14 vs. 

4.38 ± 0.08; 1.64 ± 0.01 vs. 1.89 ± 0.01) (p ≤ 0.001). The similar difference was also 

observed in newly-synthesized n-3 fatty acid, D5-C20:5 n-3 (4.93 ± 0.10 vs. 5.36 ± 0.11) 

(p < 0.01). However, there was no difference of any newly-synthesized isotope-enriched 

fatty acid pools among the three lower-PL groups. 

The AUC ratios of isotope-enriched newly-synthesized fatty acids to their 

precursors were calculated (Table 3-8) to estimate relative synthesis rates of 

unsaturated fatty acids in n-3, n-6 and n-9 pathways, which also reflected the in vivo 

fluxes of desaturases and elongases in HepG2 cells as related to different PL 

concentrations in culture media. The AUC ratios of C20:4 n-6/C18: 2 n-6, C20:4 n-

6/C18:3 n-6, and C20:4 n-6/C20:3 n-6 were slightly lower in cells of 3 lower-PL groups 
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than the regular medium control (p < 0.001). Similar changes were observed in ratios of 

C18:1 n-9/C18:0 and C20:5 n-3/C18:4 n-3 (p < 0.001). The lower AUC ratios of n-6 fatty 

acids were consistent with our findings in total and membrane fatty acid profiles of 

HepG2 cells cultured with different PL concentrations. The lower synthesis rates of n-6 

LCPUFAs probably contributed to the lower n-6 fatty acid composition of both total and 

membrane lipids in HepG2 cells, which also provided a logical explanation for similar 

findings in our human study described in Chapter 2.  

The mRNA expression of Desaturases and Elongases in HepG2 Cells as Related 
to PL Concentrations in Culture Media 

To further investigate possible mechanisms underlying the lower fatty acid 

synthesis in three lower-PL groups than the regular medium control, we measured 

relative mRNA expression of desaturases and elongases in HepG2 cells cultured with 

different PL concentrations (Figure 3-5). Different PL concentrations in the media had 

an overall effect on relative mRNA expression of both FADS1 (delta-5 desaturase) and 

FADS2 (delta-6 desaturase) genes (p < 0.01). There was no significant difference of 

mRNA expression of the GOIs among three lower-PL groups. The relative mRNA 

expression of FADS1 and FADS2 was 40 – 50 % lower in HepG2 cells with severe 

vitamin B-6 deficiency than the regular medium control. Delta-5 and delta-6 desaturases 

are considered as rate-limiting enzymes of fatty acid interconversion in HepG2 cells 

(150). The lower mRNA expression of FADS1 and FADS2 genes could possibly 

account for the lower n-3 and n-6 LCPUFA synthesis of HepG2 cells in three lower-PL 

groups. 

Combined with our data from the stable-isotope tracer study, the most obvious 

response to PL concentrations in the media in n-6 and n-3 LCPUFA  synthesis was the 
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interconversion of C20:3 n-6 to C20:4 n-6 and C18:4 n-3 to C20:5 n-3, in which delta-5 

desaturase was involved. We postulate that lower FADS1 mRNA expression accounts 

for this response in three lower-PL groups. Relative mRNA expression of SCD (delta-9 

desaturase) did not differ among four experimental groups, although the synthesis of 

D33-C18:1 n-9 from D35-C18:0 was lower (p < 0.001) in three lower-PL groups 

compared to 2000 nmol/L group.   

Discussion 

The HepG2 cell line is an alternative model to investigate fatty acid synthesis in 

human liver cells. Fatty acid synthesis is very active in HepG2 cells; however, the 

mobilization of intracellular triglycerides is impaired which further prevents sufficient 

VLDL assembly, consequently, there is less secretion of triglycerides and more 

triglycerides are accumulated in HepG2 cells compared to normal rat hepatocytes (143, 

144). In this study, we found that vitamin B-6 deficiency (10 & 20 nmol/L PL groups) led 

to higher concentrations of most individual fatty acids in total cellular lipids. Similar 

observations were reported in vitamin B-6 deficient rat liver with enhanced lipid 

accumulation (151, 152). One proposed mechanism for this finding is that vitamin B-6 

deficiency impairs carnitine synthesis since carnitine plays an important role in fatty acid 

oxidation [153-154]. The PLP-dependent enzyme SHMT, cleaves 3-hydroxy-6-N-

trimethylysine in carnitine biosynthesis (153). Cho and Leklem provided in vivo evidence 

that total carnitine concentrations decreased in plasma, skeletal muscle and liver in rats 

with vitamin B-6 deficiency than pair-fed controls (154). If carnitine availability under 

vitamin B-6 deficient status became rate limiting, it could lead to lower fatty acid 

oxidation rate, and thus, more fatty acid accumulation in cells cultured with lower PL 

concentrations. Another plausible mechanism may involve homocysteine-induced 
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endoplasmic reticulum (ER) stress causing increased hepatic biosynthesis and uptake 

of cholesterol and triglycerides (155). In this study, we observed a higher homocysteine 

concentration in HepG2 cells with vitamin B-6 deficiency (10 nmol/L PL group), which 

may also contribute to the accumulated fatty acids in cells with lower B-6 levels. 

Static analysis of fatty acid profiles in total cellular and membrane lipids showed 

that the weight percentage of n-6 fatty acids, C20:3 n-6 and C20:4 n-6 was lower in 

HepG2 cells of three lower-PL groups. This finding is consistent with our human study 

described in Chapter 2 as well as other vitamin B-6 deficient rat studies (4-6, 9). 

However, the difference was small among groups. The intracellular PLP concentration 

was ~ 4 times higher in 2000 nmol/L PL group than 10 nmol/L PL group. A similar 

finding showed that intracellular PLP concentration in MCF-7 cells cultured with 4900 

nmol/L pyridoxine was only ~ 3 times higher than those with 49 nmol/L pyridoxine (100-

fold difference of medium vitamin B-6 concentration) according to Perry et al. (156). 

This suggests that intracellular PLP is strictly regulated in cells and quite resilient to the 

large variation of exogenous vitamin B-6 sources. The pyridoxine (pyridoxamine) 5’-

phosphate (PNP/PMP) oxidase is inhibited by excess PLP production and further 

prevents more PNP and PMP converting into PLP (157). In addition,  the protein-binding 

of PLP protects it against enzyme hydrolysis (158) with inadequate B-6 intake. Thus, 

intracellular PLP and most vitamin B-6 related metabolic reactions can maintain a 

relatively steady level to variations of vitamin B-6 intake.  

As reported consistently in rat studies that linoleic acid (C18:2 n-6) and α-linolenic 

acid (C18:3 n-3) were greater, but arachidonic acid (C20:4 n-6), EPA (C20:5 n-3) and 

DHA (C22:6 n-3) were lower with vitamin B-6 deficient status in various tissue lipids (4-
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6, 9), one hypothesis for this particular fatty acid pattern is due to the impaired n-6/n-3 

LCPUFA synthesis by vitamin B-6 deficiency. The first and rate-limiting enzyme of 

LCPUFA synthesis, delta-6 desaturase activity was 20 – 50% lower in vitamin B-6 

deficient rats compared to their pair-fed controls (4, 9). However, the relation of such in 

vitro enzyme activity and the actual in vivo metabolic flux was not examined by previous 

studies. Using a multiple stable-isotope approach, we investigated LCPUFA synthesis 

flux from their dietary precursors, [U-13C] 18:2 n-6 and D5-C18:3 n-3 in HepG2 cells 

cultured with different PL concentrations. Our findings indicated that the n-6 and n-3 

LCPUFA interconversion was lower in three lower-PL groups than the regular medium 

control. This alteration was the most obvious in the conversion of [U-13C] 20:3 n-6 to [U-

13C] C20:4 n-6 and D5-C18:4 n-3 to D5-C20:5 n-3, in both of which delta-5 desaturase 

was involved. Thus, delta-5 desaturase was probably more influenced by different 

vitamin B-6 levels than delta-6 desaturase in HepG2 cells, since neither the conversion 

of [U-13C] 18:2 n-6 to [U-13C] 18:3 n-6 nor D5-C18:3 n-3 to D5-C18:4 n-3 (catalyzed by 

delta-6 desaturase) significantly differ among four experimental groups. However, the 

mechanisms by which vitamin B-6 deficiency affects in vitro desaturase activity and 

LCPUFA synthesis remain unclear. PLP is not a cofactor of any desaturases and 

elongases. Both delta-6 and delta-5 desaturases have an N-terminal cytochrome b5-like 

domain and a C-terminal multiple membrane-spanning desaturase portion. Electrons 

are transferred from NADH to cytochrome b5, and then to the terminal desaturase 

portion to finalize new double bond formation (74, 159). Cytochrome b5 is a heme-

containing compound, so it would be possible that insufficient vitamin B-6 intake may 

lead to heme/cytochrome deficiency and further impair desaturase activities (160, 161).   
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The synthesis of oleic acid (D33-C18:1 n-9) from stearic acid (D35-C18:0) 

(catalyzed by delta-9 desaturase) became less in HepG2 cells of three lower-PL groups 

compared to those in 2000 nmol/L PL group. The analysis of cellular fatty acid profiles 

indicated that relative proportion of C18:1 n-9 was elevated. This suggests that lower 

medium PL concentration may elevate total cellular oleic acids by suppressing its 

oxidation process or secretion of oleic acid-containing lipid species out of the cells 

rather than by affecting its synthesis.  

As we demonstrated that lower PL concentrations in the media were accompanied 

by impaired LCPUFA synthesis, then another question was raised: How did vitamin B-6 

influence fatty acid synthesis ? As described previously, vitamin B-6 deficiency led to 

decreased delta-6 desaturase activity; however, no studies have investigated whether 

vitamin B-6 deficiency affects desaturases and elongases at a gene expression level. 

Pharmacological doses of PLP were reported as a modulator of steroid hormone 

receptor (SHR)-mediated gene expression. A direct conjugation of PLP with steroid 

receptors or transcriptional factors inactivates relevant hormone-responsive genes (162-

164). Vitamin B-6 modulated glucocorticoid receptor-mediated transcription and the 

expression of the albumin gene by inactivating tissue-specific DNA binding proteins in 

cultured cells according to these studies. However, the drawback of these studies was 

using large-doses of PLP (100 µM - 5 mM) incubating the cells, which was totally 

irrelevant to the actual modulation of PLP on such gene expression at a physiological 

level, and thus had very limited relevance to the present study. 

In our cell study, we measured relative mRNA expression of desaturases and 

elongases in HepG2 cells cultured with a range of physiologically relevant levels of 
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vitamin B-6. The ELOVL2 and ELOVL5 genes encode for elongase 2 and elongase 5, 

respectively, and these two elongase isoforms are found in human liver and are 

involved in the elongation of various LCPUFAs of C18-C22 (165, 166). We found that 

lower medium PL concentrations downregulated mRNA expression of FADS1 (delta-5 

desaturase) and FADS2 (delta-6 desaturase), but had little effect on ELOVL2 and 

ELOVL5. This observation suggests that lower vitamin B-6 levels may influence mainly 

fatty acid desaturation rather than the elongation process. However, specific 

mechanisms of how vitamin B-6 regulates FADS1 and FADS2 expression are still 

unclear. 

As a conclusion, this cell study demonstrated that lower medium PL concentration 

altered n-3/n-6 LCPUFA metabolism in HepG2 cells by three lines of evidence: lower 

cellular and membrane n-3/n-6 LCPUFA composition, impaired n-3/n-6 LCPUFA 

biosynthesis, and lower mRNA expression of related desaturases. The interpretation of 

the altered fatty acid profiles with different vitamin B-6 levels will help us understand 

better about the association between vitamin B-6 and cardiovascular disease and of 

other disorders in which the metabolism of LCPUFA is perturbed. 
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Table 3-1. The m/z ratios of FAMEs derived from precursor fatty acids and their major 
metabolites in synthetic pathways.   

Fatty acid methyl esters Mass/charge (m/z) ratios 

(P) Stearic acid (C18:0-CH3) 299 (U), 334 (L) 
Oleic acid (C18:1-CH3) 297 (U), 330 (L) 

(P) Linoleic acid (C18:2-CH3) 295 (U), 313 (L) 
γ-linolenic acid (C18:3-CH3) 293 (U), 311 (L) 

Dihomo- γ-linolenic acid (C20:3-CH3) 321 (U), 339 (L) 
Arachidonic acid (C20:4-CH3) 319 (U), 337 (L) 

(P) α-linolenic acid (C18:3-CH3) 293 (U), 298 (L) 
Stearidonic acid (C18:4-CH3) 291 (U), 296 (L) 

EPA (C20:5- CH3) 317 (U), 322 (L) 
DHA (C22:6- CH3) 343 (U), 348 (L) 

P: precursor fatty acids, U: unlabeled form, L: stable-isotope labeled form. 

Table 3-2. Primer sequences of genes of interest in unsaturated fatty acid synthesis 
(homo sapiens) retrieved from GenBank. 

Genes of interest Primer sequences 

FADS1 (F) 
FADS1 (R) 

5’-TGATGTCTGGGTCTTTGCGGA-3’ 
5’-TATGCCGTACAACCACCAGCAC-3’ 

FADS2 (F) 
FADS2 (R) 

5’-AACATGATTATGGCCACCTGTCTGT-3’ 
5’-TGGAAGATGTTAGGCTTGGCGT-3’ 

SCD (F) 
SCD (R) 

5’-TCTGGAGAAACATCATCCTTATGTCTCT-3’ 
5’-ACAGACGATGAGCTCCTGCTGTTAT-3’ 

ELOVL2 (F) 
ELOVL2 (R) 

5’-TCTGCTCTCAATATGGCTGGGTAA-3’ 
5’-TGCGCTGGTAAGATCTTGACACTG-3’ 

ELOVL5 (F) 
ELOVL5 (R) 

5’-ATTCTCTTGCCGGGGGATTTTA-3’ 
5’-TGCGTGTGCCCTGACAGAAG-3’ 

GAPDH (F) 
GAPDH (R) 

5’-CTGCACCACCAACTGCTTAG-3’ 
5’-AGGGAGGGGAGCCGGCTGTC-3’ 

F: forward primer, R: reverse primer. 
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Table 3-3. Total fatty acid profiles in HepG2 cells cultured with different PL 
concentrations. 

Fatty acids  (nmol/mg 
protein)  

10 nmol/L 
PL  

20 nmol/L 
PL  

50 nmol/L 
PL 

2000 nmol/L 
PL 

Palmitic acid (C16:0) 269 ± 12 230 ± 27  241 ± 15 239 ± 24 

Palmitoleic acid (C16:1 n-7) 150 ± 10a  128 ± 16b  133 ± 6b  126 ± 8b  

Stearic acid (C18:0)   85 ± 7a  72 ± 5b  74 ± 6b  71 ± 4b  

Oleic acid (C18:1n-9)   320 ± 13a  278 ± 12b  282 ± 21b  250 ± 19c  

Linoleic acid (C18:2n-6)  47 ± 5a  41 ± 1b  41 ± 3b  35 ± 2c  

Dihomo-γ-linoleic acid 
(C20:3n-6)  

17 ± 1a  15 ± 1b  14 ± 1b  12 ± 1c  

Arachidonic acid  
45 ± 1 40 ± 4 40 ± 3 41 ± 4 

(C20:4n-6)   

Docosahexaenoic acid 
(DHA, C22:6n-3)  

37 ± 1a  32 ± 2b  32 ± 1b  28 ± 1c  

Total fatty acids 970 ± 26a  836 ± 64b  857 ± 51b  803 ± 55c  

Data were presented as mean ± SD (n = 4). Means of each row without a common letter 
in the superscript differ significantly (p < 0.05).
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Table 3-4. Total fatty acid composition by weight percentage (wt %) in HepG2 cells 
cultured with different PL concentrations. 

Fatty acids (wt %) 
10 nmol/L  

PL 
20 nmol/L 

PL 
50 nmol/L 

PL 
2000 nmol/L 

PL 

Palmitic acid  
(C16:0) 29 ± 0.8 28.9 ± 1.2 29.6 ± 0.7 30.7 ± 0.7 

Palmitoleic acid  
(C16:1 n-7) 15.6 ± 1.1 15.3 ± 0.7 15.6 ± 0.3 16.3 ± 0.5 
Stearic acid  

(C18:0) 8.10 ± 0.5 7.95 ± 0.1 8.08 ± 0.4 8.22 ± 0.3 
Oleic acid  

(C18:1 n-9) 34.9 ± 1.6ab 35.4 ± 1.6a 34.8 ± 0.9ab 32.4 ± 0.5b 

Linoleic acid  
(C18:2 n-6) 3.80 ± 0.3 3.82 ± 0.3 3.70 ± 0.20 3.40 ± 0.20 

Dihomo-γ-Linolenic acid 
(C20:3 n-6) 0.36 ± 0.04 0.33 ± 0.09 0.34 ± 0.12 0.34 ± 0.08 

Arachidonic acid 
(C20:4 n-6) 3.64 ± 0.30ab 3.66 ± 0.35a 3.62 ± 0.24a 4.25 ± 0.24b 

DHA  
(C22:6 n-3) 2.64 ± 0.31 2.66 ± 0.11 2.60 ± 0.20 2.52 ± 0.26 

Data were presented as mean ± SD (n = 4). Means of each row without a common letter 
in the superscript differ significantly (p < 0.05). 
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Table 3-5. Membrane fatty acid composition by weight percentage (wt %) in HepG2 
cells cultured with different PL concentrations. 

Fatty acids (wt %)  
10 nmol/L 

PL  
20 nmol/L PL  50 nmol/L PL 2000 nmol/L PL 

Palmitic acid 
(C16:0)  

37.1 ± 0.9 38.5 ± 0.7  38.0 ± 0.5 37.7 ± 0.5 

Palmitoleic acid 
(C16:1n-7)   

20.3 ± 0.4 20.3 ± 0.9 19.4 ± 0.4 20.0 ± 0.2  

Stearic acid  
(C18:0)   

9.1 ± 0.6 8.8 ± 0.6 9.0 ± 0.3 9.2 ± 0.5 

Oleic acid  
(C18:1n-9)  

20.1 ± 0.9 19.3 ± 0.3 19.5 ± 0.2 20.0 ± 0.2 

Linoleic acid 
(C18:2n-6)   

1.42 ± 0.11 1.37 ± 0.12 2.02 ± 0.78 2.00 ± 0.35  

Dihomo-γ-linoleic 
acid (C20:3n-6)   

0.59 ± 0.05a  0.63 ± 0.02ab  0.69 ± 0.05b  0.86 ± 0.06c  

Arachidonic acid 
(C20:4n-6)   

4.50 ± 0.38a  4.44 ± 0.25ab  4.82 ± 0.18ac  5.10 ± 0.14c  

Docosahexaenoic 
acid  

(DHA, C22:6n-3)   
2.94 ± 0.31a  2.31 ± 0.38b  2.51 ± 0.22b  2.48 ± 0.06b  

Data were presented as mean ± SD (n = 4). Means of each row without a common letter 
in the superscript differ significantly (p < 0.05). 
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Table 3-6. Conversion indices (ratios of product to precursor fatty acids) of cellular and 
membrane fatty acids in HepG2 cells cultured  with different PL 
concentrations. 

Conversion 
indices 

Total cellular fatty acids Cell membrane fatty acids 

10 
nmol/L 

20 
nmol/L 

50 
nmol/L 

2000 
nmol/L 

10 
nmol/L 

20 
nmol/L 

50 
nmol/L 

2000 
nmol/L 

C16:1 n-
7/C16:0 

 

0.56 ± 
0.02 

0.56 ± 
0.01 

0.55 ± 
0.01 

0.53 ± 
0.05 

0.55 ± 
0.01 

0.53 ± 
0.03 

0.51 ± 
0.02 

0.53 ± 
0.01 

C18:1 n-
9/C18:0 

 

3.79 ± 
0.19 

3.86 ± 
0.12 

3.79 ± 
0.22 

3.54 ± 
0.12 

2.20 ± 
0.10 

2.19 ± 
0.16 

2.16 ± 
0.09 

2.18 ± 
0.11 

C20:4 n-
6/C18:2 n-6 

 

0.98 ± 
0.12a 

0.98 ± 
0.08a 

0.98 ± 
0.05a 

1.18 ± 
0.05b 

3.18 ± 
0.25 

3.25 ± 
0.20 

2.70 ± 
1.11 

2.60 ± 
0.41 

C20:3 n-
6/C18:2 n-6 

 

0.36 ± 
0.01 

0.36 ± 
0.01 

0.36 ± 
0.03 

0.35 ± 
0.02 

0.42 ± 
0.06 

0.47 ± 
0.03 

0.39 ± 
0.17 

0.44 ± 
0.09 

C20:4 n-
6/C20: 3 n-6 

2.73 ± 
0.27a 

2.72 ± 
0.24a 

2.75 ± 
0.16a 

3.41 ± 
0.34b 

7.73 ± 
1.10a 

7.00 ± 
0.45a 

7.00 ± 
0.30a 

5.95 ± 
0.33b 

Data were presented as mean ± SD (n = 4). Means of each row without a common letter 
in the superscript differ significantly (p < 0.01). 
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Table 3-7. The areas under the enrichment curves (AUCs) of isotope-enriched 
precursor and newly-synthesized fatty acids in HepG2 cells cultured with 
different PL concentrations. 

Fatty acids (AUC)   10 nmol/L PL  20 nmol/L PL  50 nmol/L PL  2000 nmol/L PL  

[U-13C] 18:2 n-6 (P)   26.9 ± 0.7   27.7 ± 0.8   28.3 ± 1.0   28.7 ± 0.9   

[U-13C] 18:3 n-6   14.0 ± 0.6   14.3 ± 0.4   14.5 ± 0.8   14.2 ± 0.3   

[U-13C] 20 :3 n-6   4.14 ± 0.14a   4.15 ± 0.11a   4.10 ± 0.12a   4.38 ± 0.08b  

[U-13C] 20:4 n6   1.64 ± 0.01a   1.62 ± 0.08a  1.61 ± 0.01a   1.89 ± 0.01b   

[D-35] C18:0 (P)    23.0 ± 0.3a  22.2 ± 0.3ab   22.1 ± 0.3ab   21.7 ± 0.5b    

 [D-35] C18:1n-9   4.03 ± 0.03a   4.15 ± 0.05a   4.07 ± 0.02a   5.03 ± 0.12b   

[D-5] C18:3 n-3 (P)  23.5 ± 0.8  24.3 ± 0.7  24.2 ± 1.0  24.8 ± 0.6  

[D-5]  C18:4 n-3  8.80 ±  0.4  8.77 ±  0.3  9.08 ± 0.5   9.12 ±  0.6  

[D-5]  C20:5 n-3  4.93 ± 0.10a  5.04 ± 0.12a  5.01 ± 0.09a  5.36 ± 0.11b  

[D-5]  C22:6 n-3  1.15 ± 0.05  1.18 ± 0.02  1.19 ± 0.03  1.20 ± 0.01  

Data were presented as mean ± SD (n = 3). Means of each row without a common letter 
in the superscript differ significantly (p < 0.05). P: isotope-enriched precursor fatty acids. 
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Table 3-8. The AUC ratios of isotope-enriched precursor fatty acids to their major 
metabolites in synthetic pathways in HepG2 cells cultured with different PL 
concentrations. 

AUC ratios 10 nmol/L PL  20 nmol/L PL  50 nmol/L PL  2000 nmol/L PL  

C18:3n6/C18:2n6   0.65 ± 0.02   0.65 ± 0.04   0.67 ± 0.03   0.65 ± 0.02   

C20:3n6/C18:3n6   0.30 ± 0.02   0.29 ± 0.01   0.29 ± 0.01   0.31 ± 0.01   

C20:4n6/C20:3n6   0.40 ± 0.01a   0.39 ± 0.02a   0.39 ±0.01a   0.43 ± 0.01b  

C20:3n6/C18:2n6   0.19 ± 0.01   0.19 ± 0.02   0.19± 0.01   0.20 ± 0.01   

C20:4n6/C18:2n6   0.076 ± 0.005a   0.074 ± 0.003a  0.075 ± 0.002a  0.086 ± 0.004b  

C20:4n6/C18:3n6   0.118 ± 0.006a   0.114 ± 0.004a   0.111 ± 0.007a   0.133 ± 0.004b   

C18:4n3/C18:3n3  0.37 ± 0.02  0.37 ± 0.02  0.38 ± 0.03  0.37 ± 0.01 

C20:5n3/C18:3n3  0.21 ± 0.01  0.21 ± 0.01  0.21 ± 0.02  0.22 ± 0.01  

C22:6n3/C18:3n3  0.049 ± 0.002 0.049 ± 0.003 0.049 ± 0.004 0.048 ± 0.001  

C20:5n3/C18:4n3  0.56 ± 0.01a  0.57 ± 0.02a  0.55 ± 0.02a  0.59 ± 0.01b  

C22:6n3/C18:4n3  0.130 ± 0.003 0.133 ± 0.002 0.132 ± 0.004  0.141 ± 0.002  

C22:6n3/C20:5n3  0.23 ± 0.01  0.23 ± 0.02  0.24 ± 0.02  0.22 ± 0.01  

C18:1n9/C18:0   0.184 ± 0.003a  0.181 ± 0.001a   0.184 ± 0.002a   0.220 ±0.003b  

Data were presented as mean ± SD (n = 3). Means of each row without a common letter 
in the superscript differ significantly (p < 0.001). 
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Figure 3-1. Intracellular PLP concentrations in HepG2 cells cultured with different PL 
concentrations over 6 weeks. nM: nmol/L. Values of each point were 
presented as mean ± SD (n = 4).  
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Figure 3-2. The 16-h enrichment curves of n-9 fatty acids, [D-35]-C18:0 (A) and [D-33]-

C18:1 n-9 (B) in HepG2 cells cultured with different PL concentrations. Data 
points were presented as mean ± SD (n = 3). *p < 0.001. 
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Figure 3-3. The 16-h enrichment curves of n-6 fatty acids, [U-13C]-18:2 n-6 (A), [U-13C]-

18:3 n-6 (B), [U-13C]-20:3 n-6 (C), and [U-13C]-20:4 n-6 (D) in HepG2 cells 
cultured with different PL concentrations.  
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Figure 3-3 Continued. Data points were presented as mean ± SD (n = 3). *p < 0.01. 
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B 
Figure 3-4. The 16-h enrichment curves of n-3 fatty acids, [D-5]-C18:3 n-3 (A), [D-5]-

C18:4 n-3 (B), [D-5]-C20:5 n-3 (C) and [D-5]-C22:6 n-3 (D) in HepG2 cells 
cultured with different PL concentrations. 
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Figure 3-4 Continued. Data points were presented as mean ± SD (n = 3). *p < 0.05.  
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Figure 3-5. Relative mRNA expression of related desaturases and elongases in HepG2 

cells cultured with different PL concentrations.  Data were presented as mean 
± SD (n = 5). Means of each column without a common letter in the 
superscript differ significantly (p < 0.01).  
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CHAPTER 4 
CONCLUSIONS 

This research project primarily investigated the influence of different levels of 

vitamin B-6 on fatty acid profiles in humans and cultured HepG2 cells. We hypothesized 

that low vitamin B-6 status altered n-3 and n-6 LCPUFA profiles particularly with an 

increase of linoleic acid (C18:2 n-6) and α-linolenic acid (C18:3 n-3), but a decrease of 

arachidonic acid (C20:4 n-6), EPA (C20:5 n-3) and DHA (C22:6 n-3) in different human 

blood fractions, cellular and membrane lipids of HepG2 cells. These changes were 

believed to be caused by impaired n-3 and n-6 LCPUFA synthesis based on previous 

studies in rats. We tested these hypotheses with the following experimental strategies: 

We analyzed fatty acid profiles of human plasma, red cell and PBMC membranes, and 

also measured fatty acid composition of cellular and membrane lipids, unsaturated fatty 

acid synthesis and relative mRNA expression of desaturases and elongases in HepG2 

cells cultured with different PL concentrations. We observed a significant decrease of 

C18:3 n-6, C20:4 n-6, C20:5 n-3 and C22:6 n-3 in human plasma and also lower C20:3 

n-6 and C20:4 n-6 proportions in cellular and membrane lipids of HepG2 cells cultured 

with lower PL concentrations (10, 20, and 50 nmol/L groups). The stable-isotope tracer 

experiments indicated that the synthesis of isotope-enriched C20:3 n-6, C20:4 n-6 and 

C20:5 n-3 from their precursors was also lower in three lower-PL groups compared to 

the regular medium control. Of all the steps in unsaturated fatty acid synthesis 

pathways, the interconversion of C20:3 n-6 to C20:4 n-6 and C18:4 n-3 to C20:5 n-3 

was the most responsive to different PL concentrations in the media. Analysis of relative 

mRNA expression of desaturases and elongases in HepG2 cells showed that the lower 

n-3 and n-6 LCPUFA synthesis was probably due to the downregulation of FADS1 
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(delta-5 desaturase) and FADS2 (delta-6 desaturase) gene expression; however, the 

mechanisms by which vitamin B-6 regulates these desaturases remain unknown.  

This research project provided several novel insights into the interaction between 

vitamin B-6 and lipid metabolism, which was recognized as early as in the 1930s. 

Firstly, most previous studies were conducted in rats severely deficient for vitamin B-6, 

which was probably irrelevant to the moderately low vitamin B-6 status common in 

humans. To our knowledge, we are the first to determine the influence of marginal 

vitamin B-6 deficiency on lipid metabolism in healthy men and women in a controlled, 

dietary vitamin B-6 restriction protocol. Secondly, very few previous studies reported the 

influence of low vitamin B-6 status on metabolic fluxes of either LCPUFA synthesis or 

catabolism. One of these showed that liver synthesis of arachidonic acid from [1-14C] 

linoleic acid did not differ between vitamin B-6 deficient rats and pair-fed controls, but 

the incorporation of [5,6,8,9,11,12,14,15-D8] arachidonic acid was less in liver of vitamin 

B-6 deficient rats (167). The authors concluded that reduced arachidonic acid 

concentrations may result from increased degradation rather than reduced conversion 

from linoleic acid. However, a similar study reached the opposite conclusion by showing 

more [1-14C] arachidonic acid was in tissues of vitamin B-6 deficient rats than in the 

pair-fed controls (168). No previous studies evaluated the influence of different vitamin 

B-6 levels on various unsaturated fatty acid synthetic pathways (Figure 1-4, Chapter 1). 

With stable-isotope tracer techniques coupled with GC/MS, we are the first to 

investigate effects of different medium PL concentrations on metabolic fluxes of 

unsaturated fatty acid synthesis in n-3, n-6, and n-9 pathways in an in vitro HepG2 cell 

model. Third, the role of vitamin B-6 in regulating steroid-mediated gene expression was 
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reported in the 1990s (162-164). In those studies, however, cultured cells were 

incubated with PLP concentrations far beyond the physiological range of PLP in vivo, 

which weakened the conclusions from those studies and limited their implications for 

human health. The design of our cell study, conversely, was based on the rationale of 

incubating cells with a range of physiologically relevant levels of vitamin B-6 (98, 147, 

148), and therefore, this model should more closely simulate the situation in human liver 

cells. We are also the first to determine gene expression of multiple desaturases and 

elongases in  HepG2 cells cultured with different PL concentrations.  

However, there still exist certain potential limitations of this research. First, we had 

no control over the dietary fatty acid composition that our participants consumed before 

the study. The 2-d controlled diet prior to the 28-d vitamin B-6 restricted diet may have 

been too short to eliminate dietary variation of fatty acid status, which could possibly 

influence fatty acid profiles at baseline. Second, although we observed a significant 

change of plasma total fatty acid profiles but no change of plasma free fatty acid profiles 

after 28-d vitamin B-6 restriction, we did not determine which lipid fractions these 

changes mainly occurred in or which lipid fractions had the most profound response to 

marginal vitamin B-6 deficiency. Third, the cell model we chose was a human hepatoma 

cell line. Although it was demonstrated to be a valid model for fatty acid synthesis (143, 

144), these cells do exhibit abnormal aspects of lipid metabolism, including impaired 

intracellular triglyceride mobilization and VLDL assembly (144). In addition, the PEMT 

pathway is impaired in hepatoma cells. The PEMT has two isoforms – PEMT1 and 

PEMT2. PEMT1 is endoplasmic reticulum (ER) bound and PEMT2 is mitochondria 

membrane bound (169). PEMT2 activity is completely absent in hepatoma cells and 
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further leads to an accumulation of total cellular PE with decreased level of total cellular 

PC (170, 171). This aspect of abnormal phospholipid metabolism in HepG2 cells may 

limit the implications of our findings to normal human liver cells. 

Previous rat studies, together with the results of our research show that low 

vitamin B-6 status decreass n-3/n-6 LCPUFAs and unsaturated fatty acid synthesis by 

suppressing desaturase activities and/or downregulating expression of specific 

desaturases. Although our studies did not identify precisely how vitamin B-6 is 

associated with these changes, Our results suggest that vitamin B-6 may play an 

indirect role in altering LCPUFA profiles. 

Low circulating PLP concentrations are associated with vascular diseases and 

other inflammation-related disorders (12, 13, 98, 106). Since marginal vitamin B-6 

deficiency is only weakly associated with elevated plasma homocysteine  (82-86), 

researchers have proposed that vitamin B-6 is an independent inflammation predictor 

not relevant to homocysteine. Indeed, in some case-control studies, plasma PLP was 

inversely correlated with inflammation markers, CRP and fibrinogen in patients with 

vascular diseases (11, 12, 108).  

LCPUFAs are known to have an immunomodulatory effect in humans. The pro-

inflammation effects of n-6 PUFAs, for example, are mediated by the release of 

arachidonate-derived proinflammatory metabolites. In contrast, n-3 PUFAs generally 

have anti-inflammatory effects. Abnormal plasma fatty acid profiles are associated with 

many pathological conditions such as autoimmune disease, cardiovascular disease, 

diabetes, and depression, etc. Patients with such disorders tend to have an elevated 

plasma total n-6/n-3 PUFA ratio (114-117). Elevated plasma free fatty acid 
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concentrations induce insulin resistance and the release of proinflammatory mediators 

in vivo (118, 119).  

The decreased arachidonic acid, EPA and DHA associated with vitamin B-6 

deficiency may affect eicosanoid synthesis, and consequently, inflammation response 

and neuroprotection (120-122). Prostaglandin production is directly modulated by the 

availability of these fatty acid substrates in cellular membrane phospholipids (124). It 

was reported that kidney prostaglandin-2 (PGE-2) concentration was higher in vitamin 

B-6 deficient rats [173]. Since inflammation is a putative link between low circulating 

PLP level and the aforementioned disease states, our work provides potentially valuable 

insights into the associations between vitamin B-6 nutrition and inflammation-related 

human disease. 
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