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Abstract

Functional oral supplements containing cell membrane glycerolphospholipids and antioxidants
have been used to safely replace damaged membrane lipids that accumulate during aging and in
various clinical conditions. This approach differs from other dietary and intravenous interven-
tions in the composition of phospholipids and the presence of fructooligosaccharides that protect
the phospholipids against oxidation and bile and enzymatic damage. Various chronic clinical con-
ditions are characterized by membrane phospholipid oxidative damage, resulting in loss of cellu-
lar function. Recent clinical trials have shown the benefits of Membrane Lipid Replacement in
replenishing damaged membrane lipids and restoring mitochondrial function, resulting in reduc-
tions in fatigue in aged subjects and patients with a variety of clinical diagnoses. Recent in vitro
experiments with nonphysiological concentrations of phospholipids did not result in enhance-
ment of mitochondrial electron transport enzyme activities. This can be explained by the use of
the wrong phospholipid fatty acids, over-dilution of membrane constituents and mitochondrial
swelling. A similar phenomenon was seen when human sperm were incubated in vitro with high
concentrations of glycerolphospholipids and their motility was assessed. Only lower, more physi-
ological concentrations of glycerolphospholipids stimulated sperm motility. Additional studies are
needed to determine the functional effects of Membrane Lipid Replacement on other cellular
membranes, such as the plasma membrane and other intracellular membranes of various cells
and tissues.
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1. Introduction

Oral supplementation of membrane glycerolphospholipids provides patients with important cellular constituents
that are damaged during chronic illnesses and aging [1]-[3]. These membrane phospholipids fulfill at least four
major requirements for cell and tissue health [2] [3]. They are used as: 1) the matrix for all cellular membranes,
enabling separation of enzymatic and chemical reactions into discrete cellular compartments; 2) an important
energy storage reservoir; 3) bioactive molecules in certain signal transduction and molecular recognition path-
ways; and 4) important functional molecules that undergo interactions with other cellular constituents, such as
proteins and glycoproteins that provide enzymatic function [3] [4].

Dietary sources often cannot provide enough essential lipids for maintenance of health, and in particular, for
individuals with chronic illnesses [2] [3] [5]. Therefore, membrane glycerolphospholipids [1] [3] [6] or certain
bioactive lipids [2] [5] at high concentrations have been used as supporting treatments or for health maintenance.
Essential lipids, such as glycerolphospholipids, and fatty acids, are efficiently absorbed in the upper small intes-
tine, almost all within hours of ingestion [3] [7] [8]. From there glycerolphospholipids and fatty acids are trans-
ported to every cell in a human to insure a source for the natural replacement of damaged membrane lipid com-
ponents [3] [4] [9].

During aging (and in most if not all acute and chronic illnesses) cellular membranes are damaged by free rad-
icals [3] [9]-[11]. When the production of reactive oxygen species (ROS), such as superoxide anion radicals,
hydroxyl radicals and hydrogen peroxide, and reactive nitrogen species (RNS), such as peroxynitrite anion, are
in excess of a cell’s ability to neutralize these free radicals using natural antioxidants, damage to cellular struc-
tures occurs [3] [9]-[11]. Membrane lipids are especially sensitive to oxidative damage by ROS and RNS [3] [10]
[11]. Thus oral supplementation of membrane lipids as membrane lipid replacement (MLR) molecules for cel-
lular membranes and other structures, or as natural or synthetic bioactive lipids that can act as effector molecules
in signaling and other cellular processes, can be used to restore cellular homostatasis [1] [3] [5] [9].

There is a rich history of using various lipid supplements to promote health. Readers are directed to various
contributions, mainly reviews of the literature, for historical perspective [1]-[3] [5] [6] [9] [10].

2. No Safety Issues

There are no known safety issues with MLR. High doses of membrane phospholipids have been given to ani-
mals and humans with no apparent acute or chronic toxicity [3] [8] [12]. In phase I/Il clinical trials on patients
with cardiovascular disease, phosphatidylinositol was given at doses over 5 g per day with only positive effects.
This membrane phospholipid was shown to increase plasma high-density lipoprotein cholesterol and apolipo-
protein Al levels and reduce triglyceride levels without any evidence of toxicity [13]. Long-term administration
of relatively high oral doses of replacement membrane lipids has improved cardiovascular blood markers. For
example, older subjects (average age = 60.7) received over 2 g per day oral glycerolphospholipids (NTFactor®,
Table 1) for over 6 months and showed no evidence of adverse effects of the phospholipids. In fact, their cardi-
ovascular blood marker levels, such as homocysteine, improved significantly during the trial (p < 0.001) [14].
Reviews of clinical studies on the use of MLR in the long-term treatment of cardiovascular and other diseases
concluded that there was no evidence of any toxicity from glycerolphospholipids [3] [15].

The U.S. Federal Drug Administration (FDA) has classified membrane phospholipids used in MLR in the
category of “Generally Recognized as Safe” (GRAS) [16].

3. Membrane Lipid Replacement

MLR supplements for membrane repair and replacement of damaged lipids have been developed that contain
mixtures of the common membrane glycerolphospholipids, along with unsaturated fatty acids and other lipid com-
ponents [2] [3] [6]. Of the commercially available oral MLR supplements, most are lecithin preparations that
lack protection from oxidation and enzymatic destruction. There are oral MLR supplements, such as NTFactor®
and NTFactor Lipids® (Table 1) that fulfill the requirements for convenience, efficacy, safety and protection
against oxidation and degradation [1] [3]. They contain antioxidants and fructooligosaccharides to protect the
glycerolphospholipids from oxidation, high or low temperature, and bile and enzymatic destruction [17]. These
supplements contain suggested daily amounts of 1.8 to over 4 g of glycerolphospholipids with mostly unsatu-
rated fatty acids (Table 1). Some NTFactor-containing supplements also contain probiotic bacteria, various
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Table 1. Lipid composition of NTFactor®?.

Name Abbreviation Percent [w/w]

Glycerolphospholipids

Phosphatidylcholine PC 31.62
Phosphatidylinositol Pl 24.87
Phosphatidylethanolamine PE 18.86
Phosphatidic acid PA 13.88
Digalactosyldiacylglycerol DGDG 5.88
Phosphatidylglycerol PG 2.37
Lysophosphatidylcholine LPC 0.98
Lysophosphatidyethanolamine LPE 0.70
Phosphatidylserine PS 0.48
Monoglactosyldiacylglycerol MGDG 0.31
Fatty Acids
Linoleic acid 18:2A9,12 (n — 6) 58.41
Palmitic acid 16:0 19.39
Oleic acid 18:1A9 (n—9) 9.68
Linolenic acid 18:3A9,12,15 (n - 3) 5.87
Stearic acid 18:0 3.90

®NTFactor® is a patented product produced by Nutritional Therapeutics, Inc. of Hauppuage, NY.

vitamins and minerals and other ingredients. For example, a specific supplement for mitochondrial support, ATP
Fuel®, contains 2 g per serving or 4 g per day of NTFactor® and also NADH, Coenzyme-Q10, vitamin E, al-
pha-ketoglutaric acid, L-carnitine, and other ingredients [18]. Other oral MLR products, such as those contain-
ing purified phosphatidylserine (PS), are also available [19].

An intravenous-delivered MLR mixture of glycerolphospholipids (“Essential phospholipids™) can deliver high
phospholipid concentrations without the need for inhibiting intestinal disruption [6]. However, this product is
still susceptible to enzymatic and oxidative damage, and daily intravenous delivery comes with some risk for
adverse events, such as infection, blood vessel damage, thrombosis, pruritus, dyspnoea, urticaria, among other
potential problems.

4. Clinical Uses of Membrane Lipid Replacement—Fatigue

Until recently MLR was used primarily to treat fatigue [1] [3] [20]. Fatigue is the most common complaint of
patients seeking general medical care [21] [22], and it is associated with most if not all chronic medical condi-
tions as well as natural aging [21]. Fatigue is considered a complex, multidimensional sensation that is not well
understood but is perceived to be a loss of overall energy, mental or physical tiredness, a feeling of exhaustion
or diminished endurance, and an inability to perform even simple tasks without exertion [21]-[23]. At the cellu-
lar level moderate to severe fatigue has been related to loss of mitochondrial function and diminished production
or leakage of ATP from mitochondria [20] [23] [24].

Fatigue develops during aging and chronic diseases due to a variety of additive and synergistic causes [20]-
[25]. An important contributor to fatigue is oxidative damage to mitochondrial membrane lipids. This increases
inner membrane leakiness and lowers trans-membrane potential of the inner mitochondrial membrane (MIM),
thus impairing mitochondrial function and production of ATP, resulting in reduced physical and mental perfor-
mance with aging and disease [20] [24]-[26]. For example, chronic fatigue syndrome patients present with evi-
dence of oxidative damage to DNA and lipids [26] [27], such as oxidized blood markers and oxidized membrane
lipids that are indicative of excess oxidative stress [27] [28]. These patients also have sustained, elevated levels
of peroxynitrite due to excess nitric oxide, which can also result in lipid peroxidation and loss of mitochondrial
function as well as changes in cytokine levels that exert a positive feedback on nitric oxide production [29].

()
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MLR has been used in several clinical studies to treat moderate to severe chronic fatigue patients in order to
reduce their fatigue levels [30]-[37] (Table 2). Although most of the clinical studies presented in Table 2 con-
tained fewer than 50 patients and were open-label, there were significant outcomes in terms of fatigue reduction.
For example, the effect of NTFactor® glycerolphospholipids on fatigue in moderately fatigued subjects was ex-
amined to see if mitochondrial function improved with oral administration of the MLR supplement [31]. In this
cross-over clinical trial there was good correspondence between reductions in fatigue and gains in mitochondrial
function. After 8 weeks of MLR with 3.9 g per day NTFactor®, mitochondrial function was significantly im-
proved, and after 12 weeks of NTFactor® supplementation, mitochondrial function was found to be similar to
that found in young healthy adults (26.8% increase, p < 0.0001), while fatigue was reduced 35.5% (p < 0.001)
[31]. After 12 weeks of supplement use, subjects were placed on placebo without their knowledge for an addi-
tional 12 weeks, and their fatigue and mitochondrial function were again measured. After the 12-week placebo
period, fatigue and mitochondrial function were intermediate between the initial starting values and those found
after eight or 12 weeks on the supplement [31]. Similar results on the effects of NTFactor® on fatigue were
found in patients with chronic fatigue syndrome (CFS/ME) and/or fibromyalgia syndrome, Gulf War illness and
chronic Lyme disease (reductions from 26% - 43%, Table 2). Taken together, these clinical data indicate that
MLR can be successfully employed to reduce fatigue in different chronic conditions.

Loss of mitochondrial function is not always related exclusively to membrane lipid damage [20]. Thus sup-
plements containing Coenzyme Q10, L-carnitine, alpha-lipoic acid, NADH along with membrane glycerol-
phospholipids have has also been used in combination mitochondrial supplement studies (for example, ATP
Fuel®) to treat long-term chronic illness patients with intractable fatigue [36] [37]. The patients in these clinical
studies had been ill with moderate to severe intractable fatigue for an average of over 17 years, had been seen by
many physicians (>15), and had taken an average of over 35 supplements or drugs with no effect on their fatigue
[36] [37]. Although the numbers of patients enrolled in the studies were limited, they responded with significant
reductions in fatigue within 60 days (p < 0.0001). Regression analysis of the data indicated that the reductions in
fatigue were gradual, consistent, and occurred with a high degree of confidence (R? = 0.960 - 0.998). The com-
bination supplement proved to be a safe and effective method to significantly reduce fatigue in patients with
long-term intractable fatigue [36] [37].

In addition to fatigue in chronic illnesses, fatigue is also one of the most common symptoms of cancer. It oc-
curs in cancer patients from the earliest forms of cancer to the most progressed forms of metastatic disease [35].
Cancer-associated fatigue is not well understood, but it is thought to be due to a combination of the effects of
cancer itself plus the effects of cancer treatments [35] [38] [39]. MLR has been used to treat cancer-associated
fatigue and the fatigue-effects of cancer therapy [35] [40]. For example, NTFactor®in a vitamin-mineral formu-
lation (Propax™) was used to reduce some of the adverse effects of cancer therapy, such as chemotherapy-in-
duced fatigue, nausea, vomiting, malaise, diarrhea, headaches and other side effects [39]. In advanced metastatic
colon, pancreatic and rectal cancer patients this supplement reduced the adverse effects of chemotherapy, re-
sulting in significantly fewer episodes of fatigue, nausea, diarrhea, constipation, skin changes, insomnia and

Table 2. Some clinical effects of dietary MLR supplement NTFactor® on fatigue scores.?

Subjects/patients n Avageon MLR Timeon MLR  Fatigue scale reduction (%) Reference
Chronic fatigue® 34 50.3 8 wks 40.5*%* Ellithorpe et al. [30]
Aging, chronic fatigue® 22 68.9 12 wks 35.5* Agadjanyan et al. [31]
Chronic fatigue syndrome® 15 44.8 8 wks 43.1* Nicolson & Ellithorpe [32]
Obesity, fatigue® 35 42 8 wks 23.9* Ellithrope et al. [33]
Aging, chronic fatigue’ 67 57.3 1wk 36.8** Nicolson et al. [34]
Cancer, fatigue® 35 50.7 8 wks 30.1* Nicolson [35]
Chronic fatigue syndrome®" 30 55.0 8 wks 30.7** Nicolson et al. [36]
Lyme disease, fatigue®" 17 52.4 8 wks 26* Nicolson et al. [37]
Gulf War IlIness, fatigue® " 16 42.2 8 wks 34.6* Nicolson et al. [36]

*Modified from Nicolson and Ash [3], "Piper Fatigue Scale [38], “Propax™ with NTFactor®, “NTFactor®, *Healthy Curb™ with NTFactor®, ‘Ad-
vanced Physician’s Formula™ with NTFactor®, SATP Fuel® with NTFactor®, "Intractable fatigue (>17.1 years), **p < 0.0001, *p < 0.001 compared

to without NTFactor determined by t-test®.
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other effects as assessed by nurses and separately by the patients themselves. Eighty-one percent of the patients
on chemotherapy that used Propax™ experienced an overall improvement in quality of life parameters. In a
subsequent double-blind, placebo-controlled cross-over trial 36 patients on chemotherapy plus Propax™ showed
fewer adverse effects, resulting in improvements in fatigue, nausea, diarrhea, impaired taste, constipation, in-
somnia and other quality of life indicators [40].

5. Other Clinical Uses of Membrane Lipid Replacement

In other clinical studies, MLR may modify metabolism through body mass reduction and appetite restraint [33].
In this study 30 normal obese subjects used oral HealthyCurb®, an NTFactor® and alpha-amylase inhibitor for-
mulation, 30 min before each meal. Subjects gradually lost weight, with significant reductions in waist and hip
circumferences, along with reductions in body mass index (BMI) and basal metabolic rate (BMR) (p < 0.001).
Overall hunger was reduced 44.5% (p < 0.001), with reduced cravings for sweets and fats, and there was a 23.9%
reduction in fatigue (p < 0.009). Along with fatigue reduction there was a 26.8% perceived improvement in cog-
nition and ability to concentrate, remember and think clearly (p < 0.004) [33].

Mental clarity has been examined in a preliminary study using NTFactor Lipids® [41]. A group of 29 subjects
were given 0.6 g of NTFactor Lipids® in a drink, and fatigue and mental focus were surveyed after three hours.
At this time a self-reported survey instrument was given to the participants. A majority of subjects responded
within one hour, and by three hours they reported perceived improvements in cognition function, mental clarity
and focus along with fatigue reductions [41].

Specific glycerolphospholipids, such as oral phosphatidylserine (PS), have been used in clinical studies to as-
sess improvements in memory loss and cognition. In 30 male and female subjects (aged 50 - 90 years old, aver-
age 74.6 years old) with memory impairments unrelated to neurological disease, stroke, diabetes, infections or
inflammatory processes, a 12-week study was initiated to determine if 300 mg PS per day modified outcomes in
6 different tests of memory and cognition [42]. At the end of the trial participants showed significant improve-
ments in memory recognition (p = 0.004) and recall (p = 0.006), total learning (p = 0.013), executive functions
(p = 0.004), metal flexibility, and visual spatial learning. There were no adverse events during the trial, and in-
terestingly both mean systolic and diastolic blood pressure values were reduced at 12 weeks in comparison to
baseline values [42]. Kato-Kataoka et al. [43] conducted a similar double-blind, randomized study on 78 sub-
jects (50 - 69 years old) to determine if 100 - 300 mg oral PS per day versus placebo affected memory scores.
They found that PS significantly improved behavioral memory functions, especially short-term memory and
cognitive function in low-scoring (delayed word recall) participants (p < 0.01) [43].

Oral MLR preparations have been used to treat memory loss in aged subjects and in Alzheimer’s disease
(AD). AD patients supplemented with 300 mg per day bovine PS for 6 months showed cognitive improvement
relative to placebo controls [44]; however, this was not seen in another study on elderly subjects with age-asso-
ciated memory impairment that received 300 - 600 mg soy PS daily for 12 weeks [19]. In these and other studies
the PS was found to be completely safe [45].

6. Membrane Lipid Replacement—Studies on Mitochondrial Function

Since mitochondrial function is related to symptoms like fatigue, it is appropriate to ask whether this is a silent
relationship. In fact, fatigue in general, and fatiguing illnesses in particular, are characterized by losses in mito-
chondrial function [20] [23] [24] [46] [47]. Filler et al. [23] have reviewed the literature on fatigue and the asso-
ciation of mitochondrial dysfunction and its possible causes. In addition, they examined the association of the
levels of various mitochondrial metabolites, such as acylcarnitine and coenzyme Q10, with fatigue in selected
publications [23].

Although some clinical conditions associated with fatigue are clearly related to mitochondrial dysfunction,
such as chronic fatigue syndrome (CFS/ME), fibromyalgia syndrome, cancer, among other conditions, others are
less clearly associated with loss of mitochondrial function. Various mental disorders, such as schizophrenia, bi-
polar disease, and others, may be associated with mitochondrial dysfunction, but the links are less clear [23].
These patients are also often characterized with moderate to severe depression. Depression is a commonly found
comorbidity in cancer, mental disorders and other conditions, where it shows physical, cognitive and emotional
overlap with fatigue in individual patients [48].

Various mitochondrial supplements have been used to treat mitochondrial dysfunction and alleviate or more

)
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commonly reduce fatigue [1] [3] [20] [23] [39] [49]. However, in only a few studies were the losses of mito-
chondrial function directly related to fatigue scores. A cross-over trial discussed in the previous section directly
related loses or gains in mitochondrial function in individual patients to their fatigue scores [31]. In this case the
oral use of NTFactor® glycerolphospholipids resulted in significant improvements in mitochondrial function in
patients with various diagnoses plus chronic fatigue [31]. | have listed the studies that have used MLR, specifi-
cally NTFactor®, to reduce fatigue in Table 2.

MLR can also have negative consequences, if the wrong membrane lipids are used. For example, feeding ro-
dents a rapeseed oil-rich diet was found to alter hepatic mitochondrial membrane lipid composition and reduce
mitochondrial function [50]. In this animal study hepatic mitochondria were examined after rats were fed the
rapeseed oil diet for 22 days, after which they were found to express differences in the relative proportions of
glycerolphospholipid classes (increase in PC to PE ratio and differences in cardiolipins) and ratios of saturated
to unsaturated fatty acids in their mitochondrial membranes. These mitochondrial membrane lipid alterations
paralleled the negative changes in mitochondrial energetics [50].

7. Membrane Lipid Replacement—In Vitro Studies

There has been a tendency in recent years to reduce the complexity of living systems down to studying cell or-
ganelles and even single molecules [51]. In this regard experiments designed to test the role of certain phospho-
lipids on function have utilized isolated organelles, such as mitochondria, and to these isolates have been added
specific glycerolphospholipids to test the effects of MLR. For example, Shaikh et al. [52] prepared small PC ve-
sicles or PC/cardiolipin vesicles and incubated these with isolated, suspended rat heart mitochondria in vitro.
The vesicles were observed to fuse with the mitochondria, resulting in reductions in electron transport enzymatic
activities. Thus the authors concluded that increasing mitochondrial membrane phospholipid content lowers
electron transport enzymatic activities [52]. There are a number of problems with this approach, including the
misinterpretation that this in vitro experiment is the same as MLR. The authors used only one glycerolphospho-
lipid (PC) with one fatty acid (oleic) with or without cardiolipin at non-physiological concentrations, and they
did not account for dilution of the mitochondrial membrane components in order to incorporate the excess
phospholipids [52].

MLR is the natural in vivo replacement of damaged membrane phospholipids, not the in vitro excess packing
of phospholipids into isolated organelles or organelle membranes. In the case of mitochondria, the relative
amounts and ratios of membrane phospholipids-to-electron transport complexes are important for functional ac-
tivity [53]. Mitochondrial membranes also contain more than just PC and cardiolipin, and in the case of the mi-
tochondrial inner membrane, phosphotidylethanolamine (PE) is functionally important in the stabilities, interac-
tions and activities of membrane respiratory chain complexes [54]. PE depletion results in decreased trans-
membrane potential across the inner mitochondrial membrane, and this results in impaired mitochondrial func-
tion [54]. In addition, PE has been shown to be important in regulating membrane fluidity [55]. Fusion of phos-
pholipid vesicles with organelles like mitochondria results in organelle swelling and dilution of membrane
components that are normally compacted into dense super complex structures for maximal interactions [56].

A similar in vitro phenonmenon was seen when intact spermatozoa were incubated with glycerolphospholipid
vesicles generated from NTFactor Lipids® [57]. At lower glycerolphospholipid concentrations vesicle fusion
with sperm resulted in enhanced motility [57], which is directly related to mitochondrial activity [58]. However,
this was not seen at higher concentrations of the vesicles where membrane swelling due to incorporation of
excess membrane glycerolphospholipids occurred [57]. Thus it is important to maintain the compact nature of
cellular membranes to retain biological activity [58]-[60]. The fusion of high, nonphysiological concentrations
of glycerolphospholipids into mitochondrial membranes in vitro cannot be expected to mimic natural in vivo
MLR.

8. Conclusions

Using oral MLR supplements in clinical trials has shown that MLR is a safe and effective method to replace
damaged membrane glycerolphospholipids in order to restore membrane function. Replacing damaged mem-
brane phospholipids has a positive effect on cellular functions, such as mitochondrial function, but MLR is not
limited to a single organelle. The positive effects of MLR also occur in other membrane compartments, such as
the plasma membrane, and future studies will undoubtedly concentrate on the functional effects of MLR on the
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plasma membranes of epithelial cells, nerve cells, and other cells as well as on various intracellular membranes.
Since MLR natural supplements are not drugs, the usual drug safety issues are not applicable. Extremely high
doses of MLR glycerolphospholipids have been given to animals and humans over long periods of time without
any toxic or adverse effects [3] [16]. Thus MLR glycerolphospholipids are extremely safe to use as a daily die-
tary supplement or for treatment of specific membrane deficits, such as loss of mitochondrial MIM function.

It should be clear from this contribution that additional clinical studies are needed to further examine the role
of MLR supplements in enhancing mitochondrial function in vivo and reducing symptoms like fatigue. With two
exceptions [31] [40], the MLR studies reviewed in this contribution were open label, not blinded, placebo-con-
trolled studies. In the cross-over trial by Agadjanyan et al. [31], a variety of patients with various diagnoses that
had moderate to severe chronic fatigue were studied. The trial could have been improved if patients were
enrolled that presented with one primary diagnosis where fatigue was a major symptom, such as chronic fatigue
syndrome. Also, with one exception [34], the clinical studies in Table 2 utilized less than 50 patients. Thus,
more robust, blinded, placebo-controlled studies with more uniform cohorts of patients would be an improve-
ment for studying the relationship between fatigue, mitochondrial function and the effects of MLR supplements.

The potential uses of MLR supplements to improve health and treat various clinical conditions are numerous
and widespread [2] [3] [5] [61]. In fact, this review has presented some limited data on the potential uses of
MLR supplements to improve mitochondrial function, but the future uses of MLR are much broader than mito-
chondria and are extended to many aspects of membrane health and function. New formulations of MLR sup-
plements directed primarily at restoring damage in plasma membranes, nuclear membranes and other intracellu-
lar membranes will likely be important in future studies.
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