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Membrane	  LIPIDOME:	  Composi5on	  of	  membrane	  phospholipids	  

The	  natural	  lipid	  composi2on	  of	  cell	  membranes	  in	  all	  2ssues	  ensures	  the	  cell	  func2onality.	  It	  is	  
formed	  by	  fa8y	  acids	  :	  SATURATED,	  MONOUNSATURATED,	  POLYUNSATURATED	  FATTY	  ACIDS	  
	  
THIS	  IS	  A	  FLEXIBLE	  COMPOSITION,	  FOLLOWING	  THE	  LIFE	  AND	  NUTRITION	  STYLES	  OF	  THE	  SUBJECT-‐	  
THERE	  ARE	  INTERVALS	  OF	  TOLERABILITY	  FOR	  EACH	  FATTY	  ACID	  IN	  THE	  TISSUE	  

	  MEMBRANE	  
LIPIDOME	  

THE	  LIPID	  POOL	  HAS	  ITS	  
OWN	  COMPOSITION	  IN	  
EACH	  TISSUE	  



Lipid	  diversity	  and	  essen2ality:	  homeosta2c	  condi2ons	  



FATTY	  ACID	   Adipose	  5ssue	  (%rel)	   RBC	  
(%rel)	  

LIVER	  
(%rel)	  

RETINA	  
(%rel)	  

BRAIN	  
(%rel)	  

18:2,	  omega-‐6,	  LIN	   10.5	   9.3	   17.5	   1.4	   0.6	  

20:4	  ,	  omega-‐6,	  AA	   0.3	   15.2	   7.7	   9.6	   7.7	  

20:3,	  omega-‐6,	  DGLA	   0.2	   1.5	   1.6	   nd	   1.2	  

20:5,	  omega-‐3,	  EPA	   traces	   0.7	   0.4	   0.1	   traces	  

22:6,	  omega-‐3,	  DHA	   0.3	   3.2	   3.4	   19.7	   7.2	  

SFA	   27.2	   43.1	   42.0	   48.2	   45.9	  

MUFA	   59.7	   23.0	   23.8	   14.2	   29.7	  

PUFA	   13.1	   33.3	   32.0	   37.2	   23.4	  

Adapted	  from	  Lauritzen,	  Chem.	  Phys	  Lipids	  1999	  

AA	  =	  arachidonic	  acid	  =	  inflammatory	  mediator	  

EVERY	  TISSUE	  HAS	  ITS	  OWN	  COMPOSITION	  TO	  RESPECT	  



STIMULI	  

1-‐	  Phospholipase	  ac5va5on	  
SHORT	  TERM	  RESPONSE	  

4-‐	  availability	  of	  fa]y	  acids	  
(nutri5on,	  metabolism)	  

-‐	  FORMATION	  OF	  LIPID	  
MEDIATORS	  
(inflamma5on,	  immunity,	  
pain,	  lipogenesis,	  
lipolysis)	  

3-‐	  REMODELING	  

Signaling and remodeling 



The	  equilibrium	  of	  cell	  signaling	  and	  responses	  

h8p://lpi.oregonstate.edu/mic/other-‐nutrients/essen2al-‐fa8y-‐acids	  
C.	  Ferreri	  et	  al,	  Diagnos2cs,	  2017	  

HOMEOSTASIS	   Membrane	  remodeling	  
is	  a	  natural	  process	  known	  

as	  LANDS’s	  cycle	  
1958	  

Status	  of	  the	  ω6	  –	  ω3	  fa8y	  acids	  
Response	  of	  the	  LIPID	  MEDIATORS	  

LANDS’s	  cycle	  



Neuronal	  equilibrium	  

Nature	  Reviews	  Neuroscience	  15,	  771–785	  (2014)	  	  

4-‐18	  mg/day	  of	  DHA	  
(brain	  intake)	  



INFLAMMATORY 
EQUILIBRIUM 

Enzyme	  ac2va2on	  

Prostaglandin	  	  
forma2on	  

Signaling	  and	  cytokine	  
produc2on	  

DRUGS	  

NSAID	  	  
DRUGS	  

DRUGS	  

DIET	  



 

 

The	  reasons	  for	  unbalance	  

Omega	  6	   Omega	  3	  
Saturated	  	   Monounsaturated	  	  

	  	  ARCAIC	  DIET	  

	  	  MODERN	  DIET	  



VEGETABLES,	  SEED	  OILS	  
(corn,	  sunflower),	  SEEDS,	  
almonds	  

SOME	  SEEDS	  (chia,	  line	  seed,	  
hemp),	  walnuts,	  vegetables	  
in	  mix	  with	  omega-‐6	  DESATURASE	  ENZYMES	  

increase:	  carbohydrates-‐sugar	  	  
(insulin	  response)	  

decrease:	  alcohol,	  aging,	  trans	  fats,	  omega-‐3	  
Not	  present	  un5l	  6	  months	  of	  age	  

MARINE	  ALGAE	  

RED	  MEAT	  	  
EGG	  YOLK	   FISH	  

PLA2	  

PGD2,	  PGE2,	  PGD2	  
PGI2,TXA2,	  LTA4,LTB4,	  
LTC4,	  LTD4,	  LTE4	  

Neuroprostanes	  
Resolvins	  	  

PLA2	  
PGD3,	  PGE3,	  PGF3a	  
PGI3,TXA3,	  LTA5,LTB5,	  
LTC5,	  LTD5,	  LTE5	  

PLA2	  

PUFA,	  intake	  and	  metabolism	  

Fa8y	  acids	  detached	  from	  membranes	  
form	  the	  lipid	  mediators	  



BORAGO officinalis - Oenothera biennis 

Wang	  et	  al.	  Lipids	  in	  Health	  and	  Disease	  2012,	  11:25	  

Control	  of	  
kinases	  and	  
libera2on	  of	  

PLA2	  



SATURATED	  CIS	  	  TRANS	  	  

The	  unnatural	  lipids:	  trans	  lipids	  

u  Trans	  fa8y	  acids	  are	  present	  in	  cell	  membranes	  and	  cause	  a	  change	  in	  the	  quality	  of	  the	  natural	  lipids	  
	  
u  They	  can	  be	  obtained	  from	  diet	  (junk	  and	  processed	  foods)	  as	  well	  as	  metabolism	  (free	  radical	  stress)	  

u  In	  par2cular	  free	  radicals	  –	  obtained	  during	  the	  metabolism	  from	  substances	  like	  thiols	  –	  are	  able	  to	  transform	  cis	  lipids	  
into	  trans	  lipids.	  Therefore,	  they	  can	  measure	  indirectly	  the	  exposi5on	  of	  MEMBRANE	  to	  STRESS.	  We	  evidenced	  the	  
trans	  FA	  range	  =	  0.1-‐	  0.4%	  for	  a	  normal	  condi2on.	  The	  ZERO	  VALUE	  (no	  reac5vity)	  as	  well	  as	  values	  >	  0.4%	  (high	  
reac5vity)	  are	  out	  of	  normal,	  and	  a	  strategy	  can	  be	  performed	  to	  bring	  the	  values	  to	  normal	  condi2ons.	  
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Reading	  human	  lipidome	  



Membrane	  lipidomics	  for	  molecular	  medicine	  
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Erythrocyte	  fa]y	  acid	  cluster	  
as	  comprehensive	  	  

metabolic-‐nutri5onal	  
biomarker	  

Erythrocyte  membrane  lipidome



Known	  reporter	  for	  nutri2on	  
and	  metabolism	  of	  all	  2ssues	  

Typical	  membrane	  composi2on	  with	  the	  
presence	  of	  ALL	  fa8y	  acid	  types	  and	  families	  

Mean	  life	  2me	  =	  120	  days	  	  
Follow	  up	  of	  changes	  =	  every	  6	  months	  -‐	  once	  a	  year	  

Why  RBC  membranes?



The  protocol  choice
SAMPLING:	  ISOLATION	  	  of	  
mature	  RBC	  	  (>3	  mo.	  old)	  

Individua2on	  of	  a	  fa8y	  
acid	  CLUSTER	  (10	  cis	  FA	  +	  
2	  trans	  FA)	  

Determina2on	  of	  mean	  values	  in	  
healthy	  popula2on	  



Reference	  values	  
Distribu5on	  of	  the	  values	  found	  in	  popula5ons	  

Normal	  range	  calcula5on	  
Like	  cholesterol	  levels	  

Ameliora2on	  along	  the	  way	  
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20 blood 
drops 

(0.5 mL)  

Membrane	  
isola5on	  	  
Fa]y	  acid	  	  
work-‐up	  

and	  samples	  for	  
GC	  (	  and	  GC/MS)	  

analysis	  

Lipidomic	  Laboratory	  	  
authorized	  by	  the	  Italian	  Health	  Ministry	  

Cell	  selec5on	  
MATURE	  
ERYTHROCYTES	  

The  protocol  choice:  automa<za<on



20	  

Pipeline	  for	  full	  characteriza2on	  of	  ROBOT	  selec2on	  
1.   Cell	  diameter	  

	  
	  
	  
	  
	  	  

2.	  Dis5nct	  lipidomic	  profile	  
	  
	  
	  
	  
	  
	  
	  

3.	  Surface	  an5gen	  markers	  
	  

CD235a+/CD71-‐	  
	  

•  Expression	  of	  glycophorin	  A	  
•  Downregula2on	  of	  transferrin	  receptor	  
	  

4.	  HDFM	  spectral	  signature	  
	  
	  
	  
	  
	  
	  
RBC	  Spectral	  library	  for	  cell	  recogni2on	  
Biomed.	  Spectr.	  Imaging,	  2016,	  5	  ,	  175-‐184;	  Sci.	  Rep	  
2017,	  7:9854.	  
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Science	  Innova+on	  to	  the	  Market	  

Data	  base	  of	  25000	  analyses	  (2017)	  
Healthy	  and	  unhealthy	  individuals	  



Molecular	  profiles	  
DATABASE	  
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desaturase genes will be given, although conclusive results are far from 
being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
the overall balance of metabolic and nutritional contributions.

Since saturated and polyunsaturated fatty acids are also substrates of 
desaturase enzymes, which are described in the next paragraphs, the 
interplay between these two enzymatic pathways is crucial for creating 
the lipid diversity and effecting the overall balance at the level of 
 membrane composition [30]. Figure 2.3 summarizes the steps between 
 saturated and monounsaturated fatty acids that will also be 
considered.

As the affinity of saturated fatty acids for desaturase enzymes is very 
high, long chain saturated fatty acids (>20 carbon atoms) cannot be 
formed in high amounts, and their increase can become an indicator of 
dismetabolic lipid pathways, in relationship with the desaturase activity 
measured by long chain polyunsaturated fatty acids. The plasma level 
measurements were applied to X‐linked adrenoleukodystrophy (the 
 disease connected to the use of the so‐called Lorenzo’s oil, rich in erucic 
acid, C22 : 1) and other peroxisomal disorders, and were found to be 
correlated to the severity of the disease conditions. The laborious meth-
odology has not allowed for a wide use of this assay [30].

Saturated fatty acids are also well‐known components of many foods, 
palmitic and stearic acids being the most frequent in animal fats, and are 
present in other vegetable sources, such as coconut, palm, cocoa, and 
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desaturase genes will be given, although conclusive results are far from 
being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
the overall balance of metabolic and nutritional contributions.

Since saturated and polyunsaturated fatty acids are also substrates of 
desaturase enzymes, which are described in the next paragraphs, the 
interplay between these two enzymatic pathways is crucial for creating 
the lipid diversity and effecting the overall balance at the level of 
 membrane composition [30]. Figure 2.3 summarizes the steps between 
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As the affinity of saturated fatty acids for desaturase enzymes is very 
high, long chain saturated fatty acids (>20 carbon atoms) cannot be 
formed in high amounts, and their increase can become an indicator of 
dismetabolic lipid pathways, in relationship with the desaturase activity 
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desaturase enzymes, which are described in the next paragraphs, the 
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 membrane composition [30]. Figure 2.3 summarizes the steps between 
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formed in high amounts, and their increase can become an indicator of 
dismetabolic lipid pathways, in relationship with the desaturase activity 
measured by long chain polyunsaturated fatty acids. The plasma level 
measurements were applied to X‐linked adrenoleukodystrophy (the 
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desaturase genes will be given, although conclusive results are far from 
being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
the overall balance of metabolic and nutritional contributions.

Since saturated and polyunsaturated fatty acids are also substrates of 
desaturase enzymes, which are described in the next paragraphs, the 
interplay between these two enzymatic pathways is crucial for creating 
the lipid diversity and effecting the overall balance at the level of 
 membrane composition [30]. Figure 2.3 summarizes the steps between 
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formed in high amounts, and their increase can become an indicator of 
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acid, C22 : 1) and other peroxisomal disorders, and were found to be 
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being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
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acid, C22 : 1) and other peroxisomal disorders, and were found to be 
correlated to the severity of the disease conditions. The laborious meth-
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desaturase genes will be given, although conclusive results are far from 
being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
the overall balance of metabolic and nutritional contributions.

Since saturated and polyunsaturated fatty acids are also substrates of 
desaturase enzymes, which are described in the next paragraphs, the 
interplay between these two enzymatic pathways is crucial for creating 
the lipid diversity and effecting the overall balance at the level of 
 membrane composition [30]. Figure 2.3 summarizes the steps between 
 saturated and monounsaturated fatty acids that will also be 
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As the affinity of saturated fatty acids for desaturase enzymes is very 
high, long chain saturated fatty acids (>20 carbon atoms) cannot be 
formed in high amounts, and their increase can become an indicator of 
dismetabolic lipid pathways, in relationship with the desaturase activity 
measured by long chain polyunsaturated fatty acids. The plasma level 
measurements were applied to X‐linked adrenoleukodystrophy (the 
 disease connected to the use of the so‐called Lorenzo’s oil, rich in erucic 
acid, C22 : 1) and other peroxisomal disorders, and were found to be 
correlated to the severity of the disease conditions. The laborious meth-
odology has not allowed for a wide use of this assay [30].
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desaturase genes will be given, although conclusive results are far from 
being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
the overall balance of metabolic and nutritional contributions.

Since saturated and polyunsaturated fatty acids are also substrates of 
desaturase enzymes, which are described in the next paragraphs, the 
interplay between these two enzymatic pathways is crucial for creating 
the lipid diversity and effecting the overall balance at the level of 
 membrane composition [30]. Figure 2.3 summarizes the steps between 
 saturated and monounsaturated fatty acids that will also be 
considered.

As the affinity of saturated fatty acids for desaturase enzymes is very 
high, long chain saturated fatty acids (>20 carbon atoms) cannot be 
formed in high amounts, and their increase can become an indicator of 
dismetabolic lipid pathways, in relationship with the desaturase activity 
measured by long chain polyunsaturated fatty acids. The plasma level 
measurements were applied to X‐linked adrenoleukodystrophy (the 
 disease connected to the use of the so‐called Lorenzo’s oil, rich in erucic 
acid, C22 : 1) and other peroxisomal disorders, and were found to be 
correlated to the severity of the disease conditions. The laborious meth-
odology has not allowed for a wide use of this assay [30].
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palmitic and stearic acids being the most frequent in animal fats, and are 
present in other vegetable sources, such as coconut, palm, cocoa, and 
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desaturase genes will be given, although conclusive results are far from 
being obtained. As a matter of fact, elongase activity and its implications 
are important topics for undergoing research, which indicate that not 
only enzymatic activity but also the property and activity of each of the 
elongated fatty acids must be understood, putting them in the context of 
the overall balance of metabolic and nutritional contributions.

Since saturated and polyunsaturated fatty acids are also substrates of 
desaturase enzymes, which are described in the next paragraphs, the 
interplay between these two enzymatic pathways is crucial for creating 
the lipid diversity and effecting the overall balance at the level of 
 membrane composition [30]. Figure 2.3 summarizes the steps between 
 saturated and monounsaturated fatty acids that will also be 
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Abstract
AIM
To investigate the fatty acid-based functional lipidomics 
of patients on long-term home parenteral nutrition 
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1.66-2.12) (Figure 4). 
Inflammatory risk index: The lowest n-6/n-3 

ratio was found in the SMOF-IVLE group (2.05, range 
1.56-3.01) and the highest in the No-IVLE group 
(6.5, range 4.78-9.17). No statistical difference was 
present between the OO-IVLE group and the HCs [5.65 
(2.44-12.8) and 4.90 (1.57-7.05), respectively].

n-3 cardiovascular risk index: The n-3 index value 
ranged from 4 to 8% (intermediate risk) in the OO-
IVLE and No-IVLE groups, and the HCs [5.5 (3.8-12.9), 
4,7 (3.4-5.3), 6.1 (2.6-10.6), respectively] whereas it 
was > 8% (low risk) in the SMOF-IVLE group [(10.8 
(8.3-14.0)].

Free radical stress index: The median value of 
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Figure 3  Fatty acid pattern of the red blood cell membrane. A: Saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs); B: Polyunsaturated fatty 
acids (PUFAs). The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians. RBCs: Red 
blood cells; IVLE: Intravenous lipid emulsion; OO-IVLE group: Patients receiving a PN admixture containing Clinoleic 20%; SMOF-IVLE group: Patients receiving 
PN admixture containing SMOF-lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; HC group: Healthy controls; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid.

 Table 2  Fatty acid profile of the intravenous lipid emulsions and of the red blood cell membrane in the study groups

Fatty acids, % total FAs OO-IVLE SMOF-IVLE OO-IVLE group SMOF-IVLE group No-IVLE group HC group P  value

Palmitic (16:0)  12.8  14.1 26.2 (23.1-30.6) 28.1 (24.8-30.6) 28.1 (26.1-29.4) 26.6 (20.3-29.6) 0.040
Stearic (18:0)    3.7    4.4 16.7 (14.3-18.3) 16.8 (15.9-18.3) 16.1 (14.2-16.7) 18.1 (13.4-20.7) < 0.001
Palmitoleic (16:1) 0 0 0.5 (0.4-0.9) 0.5 (0.2-0.8) 1.0 (0.3-1.8) 0.4 (0.2-0.7) < 0.001
Oleic (18:1; 9c)  61.8  43.3 18.9 (17.8-23.5) 18.6 (17.3-19.9) 18.9 (16.6-22.5) 17.1 (14.2-22.2) < 0.001
Vaccenic (18:1; 11c)    2.3    2.5 1.9 (1.6-2.7) 1.7 (1.5-2.3) 2.2 (1.7-3.3) 1.4 (0.9-2.6) < 0.001
Linoleic (18:2; n-6)  17.7    26.9 8.7 (5.5-10.4) 9.2 (7.2-10.9) 7.7 (3.9-9.6) 11.6 (8.8-14.4) < 0.001
DGLA (20:3; n-6) 0 0 2.2 (1.5-3.9) 1.9 (1.1-2.1) 2.2 (1.5-2.9) 2.0 (1.5-2.8) 0.049
Arachidonic (20:4; n-6) 0 0 18.3 (10.0-21.1) 12.2 (10.7-14.4) 19.2 (18.4-20.3) 16.8 (13.1-21.4) < 0.001
Alfa-linoleic (18:3; n-3)    1.7    2.4 < 0.01 < 0.01 < 0.01 < 0.01
EPA (20:5; n-3) 0    3.4 0.6 (0.4-4.5) 3.2 (2.1-5.0) 0.5 (0.4-1.0) 0.7 (0.2-6.0) < 0.001
DHA (22:6; n-3) 0 3 4.8 (3.4-8.4) 7.6 (6.2-10.4) 3.9 (3.0-4.7) 5.2 (2.3-8.4) < 0.001
trans-Oleic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.2) 0.1 (0.0-0.2) 0.275
5-8-trans-Arachidonic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.1) 0.1 (0.0-0.3) 0.109
Total SFAs  16.5  18.5 43.5 (41.1-46.4) 44.9 (40.7-47.4) 44.0 (40.8-45.6) 44.3 (37.7-50.1) 0.786
Total MUFAs  65.1  45.8 21.5 (20.7-25.6) 20.9 (19.7-21.9) 21.9 (20.7-27.1) 19.5 (15.8-24.8) 0.001
Total PUFAs  19.4  35.7 34.4 (30.6-37.1) 33.7 (31.0-39.2) 33.8 (28.9-35.7) 35.7 (24.4-39.2) 0.937

The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians (ranges); IVLE: 
Intravenous lipid emulsion; RBCs: Red blood cells; OO-IVLE: Clinoleic 20%; SMOF-IVLE: SMOF lipid ®20%; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid; FAs: Fatty acids; SFAs: Saturated fatty acids; MUFAs: Monounsaturated fatty acids; PUFAs: 
Polyunsaturated fatty acids; n6-PUFAs: Omega 6-PUFAs; n3-PUFAs: Omega 3-PUFAs; OO-IVLE group: Patients receiving a PN admixture containing 
Clinoleic 20%; SMOF-IVLE group: Patients receiving a PN admixture containing SMOF lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; 
HC group: Healthy controls.

Pironi L et al . Lipidomics in home parenteral nutrition



Lipid emulsions and mature RBC membranes 

4610 July 7, 2017|Volume 23|Issue 25|WJG|www.wjgnet.com

1.66-2.12) (Figure 4). 
Inflammatory risk index: The lowest n-6/n-3 

ratio was found in the SMOF-IVLE group (2.05, range 
1.56-3.01) and the highest in the No-IVLE group 
(6.5, range 4.78-9.17). No statistical difference was 
present between the OO-IVLE group and the HCs [5.65 
(2.44-12.8) and 4.90 (1.57-7.05), respectively].

n-3 cardiovascular risk index: The n-3 index value 
ranged from 4 to 8% (intermediate risk) in the OO-
IVLE and No-IVLE groups, and the HCs [5.5 (3.8-12.9), 
4,7 (3.4-5.3), 6.1 (2.6-10.6), respectively] whereas it 
was > 8% (low risk) in the SMOF-IVLE group [(10.8 
(8.3-14.0)].

Free radical stress index: The median value of 
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Figure 3  Fatty acid pattern of the red blood cell membrane. A: Saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs); B: Polyunsaturated fatty 
acids (PUFAs). The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians. RBCs: Red 
blood cells; IVLE: Intravenous lipid emulsion; OO-IVLE group: Patients receiving a PN admixture containing Clinoleic 20%; SMOF-IVLE group: Patients receiving 
PN admixture containing SMOF-lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; HC group: Healthy controls; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid.
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Palmitic (16:0)  12.8  14.1 26.2 (23.1-30.6) 28.1 (24.8-30.6) 28.1 (26.1-29.4) 26.6 (20.3-29.6) 0.040
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Total SFAs  16.5  18.5 43.5 (41.1-46.4) 44.9 (40.7-47.4) 44.0 (40.8-45.6) 44.3 (37.7-50.1) 0.786
Total MUFAs  65.1  45.8 21.5 (20.7-25.6) 20.9 (19.7-21.9) 21.9 (20.7-27.1) 19.5 (15.8-24.8) 0.001
Total PUFAs  19.4  35.7 34.4 (30.6-37.1) 33.7 (31.0-39.2) 33.8 (28.9-35.7) 35.7 (24.4-39.2) 0.937

The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians (ranges); IVLE: 
Intravenous lipid emulsion; RBCs: Red blood cells; OO-IVLE: Clinoleic 20%; SMOF-IVLE: SMOF lipid ®20%; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid; FAs: Fatty acids; SFAs: Saturated fatty acids; MUFAs: Monounsaturated fatty acids; PUFAs: 
Polyunsaturated fatty acids; n6-PUFAs: Omega 6-PUFAs; n3-PUFAs: Omega 3-PUFAs; OO-IVLE group: Patients receiving a PN admixture containing 
Clinoleic 20%; SMOF-IVLE group: Patients receiving a PN admixture containing SMOF lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; 
HC group: Healthy controls.
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1.66-2.12) (Figure 4). 
Inflammatory risk index: The lowest n-6/n-3 

ratio was found in the SMOF-IVLE group (2.05, range 
1.56-3.01) and the highest in the No-IVLE group 
(6.5, range 4.78-9.17). No statistical difference was 
present between the OO-IVLE group and the HCs [5.65 
(2.44-12.8) and 4.90 (1.57-7.05), respectively].

n-3 cardiovascular risk index: The n-3 index value 
ranged from 4 to 8% (intermediate risk) in the OO-
IVLE and No-IVLE groups, and the HCs [5.5 (3.8-12.9), 
4,7 (3.4-5.3), 6.1 (2.6-10.6), respectively] whereas it 
was > 8% (low risk) in the SMOF-IVLE group [(10.8 
(8.3-14.0)].

Free radical stress index: The median value of 
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Figure 3  Fatty acid pattern of the red blood cell membrane. A: Saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs); B: Polyunsaturated fatty 
acids (PUFAs). The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians. RBCs: Red 
blood cells; IVLE: Intravenous lipid emulsion; OO-IVLE group: Patients receiving a PN admixture containing Clinoleic 20%; SMOF-IVLE group: Patients receiving 
PN admixture containing SMOF-lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; HC group: Healthy controls; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid.

 Table 2  Fatty acid profile of the intravenous lipid emulsions and of the red blood cell membrane in the study groups

Fatty acids, % total FAs OO-IVLE SMOF-IVLE OO-IVLE group SMOF-IVLE group No-IVLE group HC group P  value

Palmitic (16:0)  12.8  14.1 26.2 (23.1-30.6) 28.1 (24.8-30.6) 28.1 (26.1-29.4) 26.6 (20.3-29.6) 0.040
Stearic (18:0)    3.7    4.4 16.7 (14.3-18.3) 16.8 (15.9-18.3) 16.1 (14.2-16.7) 18.1 (13.4-20.7) < 0.001
Palmitoleic (16:1) 0 0 0.5 (0.4-0.9) 0.5 (0.2-0.8) 1.0 (0.3-1.8) 0.4 (0.2-0.7) < 0.001
Oleic (18:1; 9c)  61.8  43.3 18.9 (17.8-23.5) 18.6 (17.3-19.9) 18.9 (16.6-22.5) 17.1 (14.2-22.2) < 0.001
Vaccenic (18:1; 11c)    2.3    2.5 1.9 (1.6-2.7) 1.7 (1.5-2.3) 2.2 (1.7-3.3) 1.4 (0.9-2.6) < 0.001
Linoleic (18:2; n-6)  17.7    26.9 8.7 (5.5-10.4) 9.2 (7.2-10.9) 7.7 (3.9-9.6) 11.6 (8.8-14.4) < 0.001
DGLA (20:3; n-6) 0 0 2.2 (1.5-3.9) 1.9 (1.1-2.1) 2.2 (1.5-2.9) 2.0 (1.5-2.8) 0.049
Arachidonic (20:4; n-6) 0 0 18.3 (10.0-21.1) 12.2 (10.7-14.4) 19.2 (18.4-20.3) 16.8 (13.1-21.4) < 0.001
Alfa-linoleic (18:3; n-3)    1.7    2.4 < 0.01 < 0.01 < 0.01 < 0.01
EPA (20:5; n-3) 0    3.4 0.6 (0.4-4.5) 3.2 (2.1-5.0) 0.5 (0.4-1.0) 0.7 (0.2-6.0) < 0.001
DHA (22:6; n-3) 0 3 4.8 (3.4-8.4) 7.6 (6.2-10.4) 3.9 (3.0-4.7) 5.2 (2.3-8.4) < 0.001
trans-Oleic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.2) 0.1 (0.0-0.2) 0.275
5-8-trans-Arachidonic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.1) 0.1 (0.0-0.3) 0.109
Total SFAs  16.5  18.5 43.5 (41.1-46.4) 44.9 (40.7-47.4) 44.0 (40.8-45.6) 44.3 (37.7-50.1) 0.786
Total MUFAs  65.1  45.8 21.5 (20.7-25.6) 20.9 (19.7-21.9) 21.9 (20.7-27.1) 19.5 (15.8-24.8) 0.001
Total PUFAs  19.4  35.7 34.4 (30.6-37.1) 33.7 (31.0-39.2) 33.8 (28.9-35.7) 35.7 (24.4-39.2) 0.937

The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians (ranges); IVLE: 
Intravenous lipid emulsion; RBCs: Red blood cells; OO-IVLE: Clinoleic 20%; SMOF-IVLE: SMOF lipid ®20%; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid; FAs: Fatty acids; SFAs: Saturated fatty acids; MUFAs: Monounsaturated fatty acids; PUFAs: 
Polyunsaturated fatty acids; n6-PUFAs: Omega 6-PUFAs; n3-PUFAs: Omega 3-PUFAs; OO-IVLE group: Patients receiving a PN admixture containing 
Clinoleic 20%; SMOF-IVLE group: Patients receiving a PN admixture containing SMOF lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; 
HC group: Healthy controls.
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1.66-2.12) (Figure 4). 
Inflammatory risk index: The lowest n-6/n-3 

ratio was found in the SMOF-IVLE group (2.05, range 
1.56-3.01) and the highest in the No-IVLE group 
(6.5, range 4.78-9.17). No statistical difference was 
present between the OO-IVLE group and the HCs [5.65 
(2.44-12.8) and 4.90 (1.57-7.05), respectively].

n-3 cardiovascular risk index: The n-3 index value 
ranged from 4 to 8% (intermediate risk) in the OO-
IVLE and No-IVLE groups, and the HCs [5.5 (3.8-12.9), 
4,7 (3.4-5.3), 6.1 (2.6-10.6), respectively] whereas it 
was > 8% (low risk) in the SMOF-IVLE group [(10.8 
(8.3-14.0)].

Free radical stress index: The median value of 
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Figure 3  Fatty acid pattern of the red blood cell membrane. A: Saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs); B: Polyunsaturated fatty 
acids (PUFAs). The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians. RBCs: Red 
blood cells; IVLE: Intravenous lipid emulsion; OO-IVLE group: Patients receiving a PN admixture containing Clinoleic 20%; SMOF-IVLE group: Patients receiving 
PN admixture containing SMOF-lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; HC group: Healthy controls; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid.

 Table 2  Fatty acid profile of the intravenous lipid emulsions and of the red blood cell membrane in the study groups

Fatty acids, % total FAs OO-IVLE SMOF-IVLE OO-IVLE group SMOF-IVLE group No-IVLE group HC group P  value

Palmitic (16:0)  12.8  14.1 26.2 (23.1-30.6) 28.1 (24.8-30.6) 28.1 (26.1-29.4) 26.6 (20.3-29.6) 0.040
Stearic (18:0)    3.7    4.4 16.7 (14.3-18.3) 16.8 (15.9-18.3) 16.1 (14.2-16.7) 18.1 (13.4-20.7) < 0.001
Palmitoleic (16:1) 0 0 0.5 (0.4-0.9) 0.5 (0.2-0.8) 1.0 (0.3-1.8) 0.4 (0.2-0.7) < 0.001
Oleic (18:1; 9c)  61.8  43.3 18.9 (17.8-23.5) 18.6 (17.3-19.9) 18.9 (16.6-22.5) 17.1 (14.2-22.2) < 0.001
Vaccenic (18:1; 11c)    2.3    2.5 1.9 (1.6-2.7) 1.7 (1.5-2.3) 2.2 (1.7-3.3) 1.4 (0.9-2.6) < 0.001
Linoleic (18:2; n-6)  17.7    26.9 8.7 (5.5-10.4) 9.2 (7.2-10.9) 7.7 (3.9-9.6) 11.6 (8.8-14.4) < 0.001
DGLA (20:3; n-6) 0 0 2.2 (1.5-3.9) 1.9 (1.1-2.1) 2.2 (1.5-2.9) 2.0 (1.5-2.8) 0.049
Arachidonic (20:4; n-6) 0 0 18.3 (10.0-21.1) 12.2 (10.7-14.4) 19.2 (18.4-20.3) 16.8 (13.1-21.4) < 0.001
Alfa-linoleic (18:3; n-3)    1.7    2.4 < 0.01 < 0.01 < 0.01 < 0.01
EPA (20:5; n-3) 0    3.4 0.6 (0.4-4.5) 3.2 (2.1-5.0) 0.5 (0.4-1.0) 0.7 (0.2-6.0) < 0.001
DHA (22:6; n-3) 0 3 4.8 (3.4-8.4) 7.6 (6.2-10.4) 3.9 (3.0-4.7) 5.2 (2.3-8.4) < 0.001
trans-Oleic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.2) 0.1 (0.0-0.2) 0.275
5-8-trans-Arachidonic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.1) 0.1 (0.0-0.3) 0.109
Total SFAs  16.5  18.5 43.5 (41.1-46.4) 44.9 (40.7-47.4) 44.0 (40.8-45.6) 44.3 (37.7-50.1) 0.786
Total MUFAs  65.1  45.8 21.5 (20.7-25.6) 20.9 (19.7-21.9) 21.9 (20.7-27.1) 19.5 (15.8-24.8) 0.001
Total PUFAs  19.4  35.7 34.4 (30.6-37.1) 33.7 (31.0-39.2) 33.8 (28.9-35.7) 35.7 (24.4-39.2) 0.937

The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians (ranges); IVLE: 
Intravenous lipid emulsion; RBCs: Red blood cells; OO-IVLE: Clinoleic 20%; SMOF-IVLE: SMOF lipid ®20%; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid; FAs: Fatty acids; SFAs: Saturated fatty acids; MUFAs: Monounsaturated fatty acids; PUFAs: 
Polyunsaturated fatty acids; n6-PUFAs: Omega 6-PUFAs; n3-PUFAs: Omega 3-PUFAs; OO-IVLE group: Patients receiving a PN admixture containing 
Clinoleic 20%; SMOF-IVLE group: Patients receiving a PN admixture containing SMOF lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; 
HC group: Healthy controls.
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1.66-2.12) (Figure 4). 
Inflammatory risk index: The lowest n-6/n-3 

ratio was found in the SMOF-IVLE group (2.05, range 
1.56-3.01) and the highest in the No-IVLE group 
(6.5, range 4.78-9.17). No statistical difference was 
present between the OO-IVLE group and the HCs [5.65 
(2.44-12.8) and 4.90 (1.57-7.05), respectively].

n-3 cardiovascular risk index: The n-3 index value 
ranged from 4 to 8% (intermediate risk) in the OO-
IVLE and No-IVLE groups, and the HCs [5.5 (3.8-12.9), 
4,7 (3.4-5.3), 6.1 (2.6-10.6), respectively] whereas it 
was > 8% (low risk) in the SMOF-IVLE group [(10.8 
(8.3-14.0)].

Free radical stress index: The median value of 
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Figure 3  Fatty acid pattern of the red blood cell membrane. A: Saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs); B: Polyunsaturated fatty 
acids (PUFAs). The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians. RBCs: Red 
blood cells; IVLE: Intravenous lipid emulsion; OO-IVLE group: Patients receiving a PN admixture containing Clinoleic 20%; SMOF-IVLE group: Patients receiving 
PN admixture containing SMOF-lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; HC group: Healthy controls; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid.

 Table 2  Fatty acid profile of the intravenous lipid emulsions and of the red blood cell membrane in the study groups

Fatty acids, % total FAs OO-IVLE SMOF-IVLE OO-IVLE group SMOF-IVLE group No-IVLE group HC group P  value

Palmitic (16:0)  12.8  14.1 26.2 (23.1-30.6) 28.1 (24.8-30.6) 28.1 (26.1-29.4) 26.6 (20.3-29.6) 0.040
Stearic (18:0)    3.7    4.4 16.7 (14.3-18.3) 16.8 (15.9-18.3) 16.1 (14.2-16.7) 18.1 (13.4-20.7) < 0.001
Palmitoleic (16:1) 0 0 0.5 (0.4-0.9) 0.5 (0.2-0.8) 1.0 (0.3-1.8) 0.4 (0.2-0.7) < 0.001
Oleic (18:1; 9c)  61.8  43.3 18.9 (17.8-23.5) 18.6 (17.3-19.9) 18.9 (16.6-22.5) 17.1 (14.2-22.2) < 0.001
Vaccenic (18:1; 11c)    2.3    2.5 1.9 (1.6-2.7) 1.7 (1.5-2.3) 2.2 (1.7-3.3) 1.4 (0.9-2.6) < 0.001
Linoleic (18:2; n-6)  17.7    26.9 8.7 (5.5-10.4) 9.2 (7.2-10.9) 7.7 (3.9-9.6) 11.6 (8.8-14.4) < 0.001
DGLA (20:3; n-6) 0 0 2.2 (1.5-3.9) 1.9 (1.1-2.1) 2.2 (1.5-2.9) 2.0 (1.5-2.8) 0.049
Arachidonic (20:4; n-6) 0 0 18.3 (10.0-21.1) 12.2 (10.7-14.4) 19.2 (18.4-20.3) 16.8 (13.1-21.4) < 0.001
Alfa-linoleic (18:3; n-3)    1.7    2.4 < 0.01 < 0.01 < 0.01 < 0.01
EPA (20:5; n-3) 0    3.4 0.6 (0.4-4.5) 3.2 (2.1-5.0) 0.5 (0.4-1.0) 0.7 (0.2-6.0) < 0.001
DHA (22:6; n-3) 0 3 4.8 (3.4-8.4) 7.6 (6.2-10.4) 3.9 (3.0-4.7) 5.2 (2.3-8.4) < 0.001
trans-Oleic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.2) 0.1 (0.0-0.2) 0.275
5-8-trans-Arachidonic 0 0 0.1 (0.1-0.2) 0.1 (0.0-0.2) 0.2 (0.0-0.1) 0.1 (0.0-0.3) 0.109
Total SFAs  16.5  18.5 43.5 (41.1-46.4) 44.9 (40.7-47.4) 44.0 (40.8-45.6) 44.3 (37.7-50.1) 0.786
Total MUFAs  65.1  45.8 21.5 (20.7-25.6) 20.9 (19.7-21.9) 21.9 (20.7-27.1) 19.5 (15.8-24.8) 0.001
Total PUFAs  19.4  35.7 34.4 (30.6-37.1) 33.7 (31.0-39.2) 33.8 (28.9-35.7) 35.7 (24.4-39.2) 0.937

The amount of each fatty acid was calculated as a percentage of the total fatty acid content (relative%). Data are expressed as medians (ranges); IVLE: 
Intravenous lipid emulsion; RBCs: Red blood cells; OO-IVLE: Clinoleic 20%; SMOF-IVLE: SMOF lipid ®20%; DGLA: Dihomo--linoleic acid; EPA: 
Eicosapentaenoic acid; DHA: Docosahexaenoic acid; FAs: Fatty acids; SFAs: Saturated fatty acids; MUFAs: Monounsaturated fatty acids; PUFAs: 
Polyunsaturated fatty acids; n6-PUFAs: Omega 6-PUFAs; n3-PUFAs: Omega 3-PUFAs; OO-IVLE group: Patients receiving a PN admixture containing 
Clinoleic 20%; SMOF-IVLE group: Patients receiving a PN admixture containing SMOF lipid ®20%; No-IVLE group: Patients receiving PN without IVLE; 
HC group: Healthy controls.
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NOT	  A	  VERY	  HIGH	  CONVERSION	  OF	  LINOLEATE	  INTO	  ARACHIDONATE:	  
CONVERSION	  OCCURS	  AFTER	  FEEDING	  20:3	  FOR	  MORE	  THAN	  10	  WEEKS	  

EFA	  OMEGA-‐6	  IMPAIRMENT	  CAUSES:	  
-‐  SKIN	  PROBLEMS	  	  
-‐  THROMBOCYTOPENIA	  
-‐  REPRODUCTIVE	  PROBLEMS	  
EVALUATE	  THE	  LINOLEATE/ARACHIDONATE	  INTAKES	  FROM	  THE	  DIET	  

DIET	  
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LCPUFA when supplied as 0. 88% (as is)  in the diets 
of 19- to 20- month old cats (15).   

 

Summary and Conclusion 

Cats do not synthesize linoleic acid and require a 
dietary supply.  Cats also have a limited capacity to 
synthesize arachidonic acid and an alternative pathway 
for it may exist.  For maintenance needs, male, female, 
and neutered cats may be able to meet their 
requirements at very low levels of dietary inclusion of 
this fatty acid.  A summary of the essential and 
conditionally essential fatty acids of cat is presented in 
Table 1.  Specific recommended allowances for each 
life stage have been made as part of the 2006 NRC 
Nutrient Requirements for Dogs and Cats document 
from the National Research Council (16).  

 

Table 1 - Summary of the Essential and Conditionally 
Essential Fatty Acids for Dog and Cat Life Stages. 

 

a) X, Essential fatty acid; C, Conditionally 
essential for the respective life stage. 

b) Recommended but no requirement 
established 

c) Many n-3 LCPUFA sources contain both 
EPA and DHA; EPA should not exceed 60% 
of EPA + DHA total. 

 
Male cats may be able to synthesize enough 

arachidonate for reproduction.  However, queens 
require an exogenous source of arachidonate for 
successful pregnancies and normal litters although for 
conception per se  to occur arachidonate may not be 
needed.  

For the omega-3 fatty acids, high dietary amounts 
of Į-linolenic acid relative to linoleic acid may be 
contraindicated leading to EFA deficiency signs.  As 
with the omega-6 acids, adult cats can synthesize small 

amounts of long chain omega-3 acids from precursors.  
Nonetheless, in order to support the high retinal and 
nervous tissue concentrations of DHA needed for 
development, kittens may require this fatty acid as 
conversion of precursors may be insufficient to meet 
this need.  

 
Recent Studies on Omega-3 Fatty Acid 

Effects in Canine Species 
 
Several questions relating to omega-3 fatty acid 

metabolism have been studied in our laboratory.  These 
include the following:  

x Adults 

o Can adult dogs convert Į-linolenic acid 

(ALA, 18:3n-3) to eicosapentaenoic acid 

(EPA, 20:5n-3) and docosahexanenoic 

acid (DHA, 22:6n-3)? 

o Can ALA help improve skin and hair 

coat? 

o Can adult dogs synthesize enough EPA 

to affect the inflammatory response? 

x Gestation/Lactation 

o Is ALA incorporated into canine milk? 

o Is DHA present in canine milk when 

only ALA is fed? 

x Puppy Growth 

o Can puppies synthesize enough DHA to 

optimally support early neurological 

development? 

o Is dietary DHA more efficient than ALA 
in this regard? 

 Skin and hair coat:    
The first study we conducted compared 

supplementation of a complete and balanced 
commercial, dry-extruded type diet using whole ground 
sunflower seed (rich in omega-6 linoleic acid, LA) with 
whole ground flaxseed (rich in omega 3, ALA) (17).  
Two groups of dogs were fed a commerical diet 
supplemented with the respective ground oilseeds (3%  

Nutrient Cats 
 Growth       Adult     Gest/Lact 

Omega-6    
   LA X X X 
   AA C          -- C 
Omega-3    
   ALA     Recb          --   Recb 

   EPAc       --          --                -- 
   DHAc C  Recb  C 

q  LINOLEIC	  ALFA-‐LINOLENIC	  ACID	  ARE	  ESSENTIAL	  FA,	  THE	  SECOND	  
ONE	  NOT	  ESTABLISHED	  AS	  REQUIREMENTS	  

q  SUPPLEMENTATIONS	  OF	  OMEGA-‐3	  ONLY	  FOR	  AMELIORATION	  OF	  
SPECIFIC	  PERFORMANCES	  

Fish	  oil	  rich	  in	  EPA	  
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chains with no double bonds (i.e. saturates; SFA), or
those with only a single double bond (i.e. mono-
unsaturates; MUFA) are resistant to peroxidation,
while those with multiple double bonds (polyunsatu-
rates; PUFA) are prone to damage by free radicals.
The more polyunsaturated the PUFA, the more
susceptible it is to peroxidation (Halliwell and
Gutteridge 1999). By combining the susceptibilities
of individual fatty acid chains with the measured
percent fatty acid composition of membrane lipids, it
is possible to calculate a “peroxidation index” (PI) for
the particular membrane (see Hulbert et al. 2007 for
details). This single number gives an approximate
indication of the susceptibility of a membrane to lipid
peroxidation.

Many of the products of lipid peroxidation are
themselves powerful reactive oxygen species that can
further attack other PUFA molecules. This is why
lipid peroxidation can be an autocatalytic, self-
propagating process. The products of lipid peroxida-
tion can also damage nearby proteins and nucleic
acids, producing advanced lipoxidation end products
(ALEs). In this respect, free radical attack on lipid
membranes differs from attack on proteins and
nucleic acids. Cells with peroxidation-susceptible
membrane fatty acid composition (i.e. those with a

high PI) will not only sustain substantial peroxidative
damage to the membrane lipids themselves but will
also exhibit substantial lipoxidative damage to cellu-
lar proteins and nucleic acids. Indeed, it has been
suggested that mitochondrial superoxide production
might be regarded as the “pilot light” of oxidative
stress, while lipid peroxidation (via its reactive
products) might be considered as the “full furnace”
(Hulbert et al. 2007). As animals age, some of the
products of lipid peroxidation accumulate as lip-
ofuscin (also called “age pigment”). Granules of
lipofuscin contain both end-products of lipid perox-
idation and lipoxidatively damaged protein, and the
accumulation of such age pigment in postmitotic cells
is the most consistent and phylogenetically constant
morphological feature of aging (Porta 2002).

The membrane pacemaker theory thus adds a
feedback loop to the normal schematic of the
oxidative stress theory of aging, and the strength of
this feedback loop depends on membrane fatty acid
composition (Fig. 2). Any successful theory of aging
should provide insight into four paradigms: (1)
species-specific variation in maximum life spans; (2)
within-species variation in life spans (among strains
and individuals); (3) mechanisms whereby physiolog-
ical treatments alter lifespan and hence aging; and (4)

Fig. 2 Schematic diagram
outlining the membrane
pacemaker modification of
the oxidative stress theory
of aging, contrasting exam-
ples of low and high mem-
brane polyunsaturation.
Thickness of arrows repre-
sents relative intensity of the
process (reproduced from
Hulbert et al. 2007 with
permission of Physiological
Reviews)
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Abstract Saturated and monounsaturated fatty acids
are very resistant to peroxidative damage, while the
more polyunsaturated a fatty acid, the more suscep-
tible it is to peroxidation. Furthermore, the products
of lipid peroxidation can oxidatively damage other
important molecules. Membrane fatty acid composi-
tion is correlated with the maximum lifespans of
mammals and birds. Exceptionally long-living
mammal species and birds have a more peroxida-
tion-resistant membrane composition compared to
shorter-living similar-sized mammals. Within species,
there are also situations in which extended longevity
is associated with peroxidation-resistant membrane
composition. For example, caloric restriction is
associated more peroxidation-resistant membrane
composition; long-living queens have more peroxida-
tion-resistant membranes than shorter-living worker
honeybees. In humans, the offspring of nonagenarians
have peroxidation-resistant erythrocyte membrane
composition compared to controls. Membrane fatty
acid composition is a little appreciated but important
correlate of the rate of aging of animals and the
determination of their longevity.

Keywords Polyunsaturates .Monounsaturates .

Lipid peroxidation .Maximum lifespan .

Aging . Birds .Mammals . Honey bees .

Human longevity

Abbreviations
CR Caloric restriction
AGE Advanced glycosylation end-product
ALE Advanced lipoxidation end-product
BMR Basal metabolic rate
SFA Saturated fatty acid
MUFA Monounsaturated fatty acid
PUFA Polyunsaturated fatty acid
MLSP Maximum life span potential
PI Peroxidation index

Introduction

“Live fast-die young,” a phrase often used to describe
the early death of risk-taking humans, is also used to
summarise one of the important early theories of
aging, the rate-of-living theory. Max Rubner (1908)
combined the mass-specific resting metabolic rate and
maximum lifespan of mammal species to calculate
their “lifetime energy potential,” and showed that this
was a relatively constant value (!800 kJ/kg) for five
mammal species ranging in size from guinea pigs to
horses. This was an important contribution suggesting
that the pace of life and the length of life were
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inversely related. Later, Raymond Pearl (1928) used
this concept also to explain longevity variation within
species and gave it the “rate of living” label.
Specifically, he used the concept to explain why fruit
flies live longer when maintained at lower temper-
atures. This link between the rate of aerobic metab-
olism of an animal and species longevity was
important in the later development of the “free
radical” theory of aging (Harman 1956). The “free
radical” theory, nowadays also described as either the
“oxidative stress” or “oxidative damage” theory, is
currently the most accepted mechanistic explanation
of aging and variation in longevity, with much
evidence to support it. When it is used to explain
much of the variation in maximum lifespan among
different species, it still has at its base an implied “rate
of living” perspective.

However, there are documented problems with the
rate of living being a complete explanation for a
species maximum lifespan. These include the follow-
ing observations: (1) voluntary exercise and its
associated increased metabolism does not reduce
longevity (in rats and humans); (2) birds have a
higher rate of living than similar-sized mammals yet
generally are much longer-living; (3) within a species,
there is no inverse correlation between rate of living
and longevity of individuals (in mice and fruit-flies);
(4) although calorie-restriction increases longevity, it
does not do so by decreasing mass-specific metabolic
rate; and (5) in both mammals and birds, although
there is a significant inverse correlation between basal
metabolic rate (BMR) and maximum lifespan, there is
substantial variation in maximum longevity that
cannot be explained by variation in rate of living
(Fig. 1). A compilation of BMR and maximum
lifespan data for 267 mammal and 108 bird species
shows that, although there is a significant inverse
relation between the two parameters, variation in
BMR can explain only 26% of the variation in
maximum longevity of mammals and 41% in birds.
The relationships between body size, energy metab-
olism and lifespan have been analysed elsewhere
[Speakman 2005; Furness and Speakman 2008 (this
volume)]. It can be concluded that there must be other
factors involved, apart from rate of living, to account
fully for species differences in maximum lifespan. It
is the purpose of this brief review to examine the
evidence that the fatty acid composition of mem-
branes may be such a factor.

The membrane pacemaker theory of aging

The finding that membrane fatty acid composition
varies in a systematic manner among species was
important in the development of the membrane
pacemaker theory. Thirty years ago, Gudbjarnason et
al. (1978) reported that heart membrane fatty acid
composition of different mammal species was corre-
lated with heart rate (an indicator of the rate of
living). Later, this systematic variation in membrane
fatty acid composition was shown in other tissues of
mammals and hence appears not to be restricted to
heart membranes (Couture and Hulbert 1995). Fur-
thermore, membrane composition was correlated with
maximum lifespan in mammals (Pamplona et al.
1998). These findings led to a modification of the
oxidative stress theory of aging: the membrane-
pacemaker theory (Hulbert 2005; Hulbert et al.
2007). There are three basic reasons why membrane
fatty acid composition can be argued to be an
important factor in determining longevity: (1) mem-
brane fatty acid composition varies systematically
among species; (2) fatty acids differ dramatically in
their susceptibility to peroxidation; and (3) many of
the products of lipid peroxidation are themselves
powerful reactive oxygen molecules (schematic pro-
vided in Fig. 2).

Not all atoms that make up fatty acid chains are
equally susceptible to attack by free radicals. The bis-
allylic hydrogens (i.e. those attached to single-bonded
C atoms between double-bonded C atoms) are most
prone to free radical attack. Consequently, fatty acid

Fig. 1 The relationship between basal metabolic rate and
maximum life span of birds and mammals (modified from
Hulbert et al. 2007)
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aging-associated changes in individuals during their
lifetime. In the rest of this contribution I describe
evidence linking membrane fatty acid composition
with these paradigms, especially the differences in
longevity among the endothermic vertebrates: mam-
mals and birds.

Maximum life spans of mammals

The range of maximum life span potentials (MLSP)
of different mammal species exceeds two orders of
magnitude. Some very small mammals live for
<1 year, while some humans have been recorded to
live >120 years, and possibly Homo sapiens is the
longest-living species of mammal. In mammals,
maximum life span is inversely correlated with body
mass (Hulbert et al. 2007). Small mammals also
generally have membrane lipids that are more
polyunsaturated than those of larger mammals
(Couture and Hulbert 1995), and PIs calculated for
liver mitochondrial membrane lipids isolated from
mammals was inversely correlated with their MLSPs
(Pamplona et al. 1998). An earlier test of the
membrane pacemaker theory plotted PI of skeletal
muscle phospholipids against MLSP for 11 mammal
species, and the PI for liver mitochondrial phospho-
lipids against MLSP for 9 mammal species. This
analysis showed these two relationships to have

similar slopes, such that every doubling of MLSP
was associated with a 19% decrease in skeletal
muscle PI and a 24% decrease in liver mitochondrial
PI (Hulbert 2005). These two relationships have been
re-examined here (Fig. 3) using enlarged data sets; the
relationships are essentially the same as those previ-
ously reported.

Although MLSP is related to body mass in
mammals, there is variation around this general trend;
some species are exceptionally long-living for their
body size. Three such species are the naked mole-rat
(Heterocephalus glaber), echidna (Tachyglossus acu-
leatus), and human (Homo sapiens). The body mass
of adult naked mole-rats is !35 g, which is similar to
that of the common mouse (Mus musculus). Using the
regression equation derived in Hulbert et al. (2007)
for mammals as a whole, a 35-g mammal is predicted
to have a MLSP of !5 years, yet the documented
MLSP for naked mole-rats is !28 years (Buffenstein
2005). Adult echidnas weigh !3 kg and consequently
have a predicted MLSP of !13 yr, yet their
documented MLSP is !50 yr (Carey and Judge
2000). Adult humans (!70 kg) have a predicted
MLSP of !26 years compared to an actual MLSP of
!120 years. These long-living mammals have actual
MLSPs that are 4–6 times that predicted from their
adult body mass. Although they are exceptionally
long-living for their body mass, they are essentially
the same as all other mammals with respect to the

Fig. 3 Relationship between maximum life span of mammals
and birds and peroxidation index of skeletal muscle phospho-
lipids (a) and liver mitochondrial phospholipids (b). Skeletal
muscle data combined from Valencak and Ruf (2007) and those
cited in Hulbert (2005); liver mitochondrial data combined
from Pamplona et al. (1998) and those cited in Hulbert (2005).

Data for naked mole-rat from Hulbert et al. (2006b); echidna
from A. Hulbert, L. Beard and G. Grigg, unpublished data.
Equation in the top right-hand corner of each figure describes
relationship between peroxidation index (PI) and maximum life
span (MLSP)
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q  SIMILARITY	  OF	  MAXIMUM	  LIFE	  SPAN	  POTENTIAL	  
(MLSP)	  IN	  SKELETAL	  MUSCLE	  AND	  MITOCHONDRIA	  

q  THE	  INCREASE	  OF	  MLSP	  IS	  CONNECTED	  TO	  REDUCTION	  
OF	  PEROXIDATION	  INDEX	  (PUFA)	  

membranes during CR in rats, such that they become
less susceptible to peroxidation. There have been a
number of other reports of similar CR-induced
changes in membrane composition (e.g. Cefalu et al.
2000; Lee et al. 1999; Pamplona et al. 2002). A recent
study in mice has shown that changes in membrane
composition are both proportional to the degree of CR
and manifest within 1 month of onset of CR (Faulks
et al. 2006). Figure 4b illustrates the changes in PI of
liver mitochondrial membranes of these mice relative
to the changes in maximum longevity previously
reported by others in a different mice strain but using
the same CR regime (Weindruch et al. 1986).

Some of the social insects provide another example
of longevity variation within a species. For example,
female honeybees (Apis mellifera) can be either
workers or queens depending on the food they receive
during the larval stage; while queens can live for
years, workers generally live only for weeks (Winston
1987). Recent measurements show that queens, as
well as larvae and newly emerged worker honeybees,
have phospholipids high in peroxidation-resistant
MUFA and low in peroxidation-prone PUFA (Haddad
et al. 2007). Within the first week of adult life in the
hive, the phospholipids of workers accumulate PUFA
and exhibit an almost three-fold increase in PI. This
increase is likely due to consumption of pollen by
workers during this period; phospholipid composition

is essentially unchanged throughout the remainder of
the worker honeybees’ life. These changes are
manifest in all three body segments (head, thorax
and abdomen) of workers and contrast with the
situation in queens, which do not consume pollen
and retain peroxidation-resistant phospholipid fatty
acid composition during their adult life (Fig. 5).
Assuming the same slope of the relationship between
MLSP and PI of phospholipids of honey bees as
observed in mammals and birds (see Fig. 3), an

Fig. 4 Relationship between MLSP and PI of (a) skeletal
muscle phospholipids of three strains of mice that differ in life
span and (b) liver mitochondrial phospholipids of mice
subjected to four different levels of caloric intake. Data points
for mice are superimposed on general relationships for
mammals and birds (open circles), which are the same data
points for birds and mammals as plotted in Fig. 3. In a, the new

fatty acid data points in this figure are for the mouse strains
(filled circles) and are taken from Hulbert et al. 2006a while the
life span data are from Miller et al. 2002. In b the new fatty
acid data points for CR mice (filled circles) and are from Faulks
et al. 2006 while the life span data are from Weindruch et al.
(1986)

Fig. 5 Comparison of the PI of phospholipids from pollen and
different life stages of the honey bee (Apis mellifera). Data are
from Haddad et al. 2007. Larvae values are for whole larval
phospholipids. Data for workers and queens are presented
separately for head, thorax and abdomen. Pollen data are for
pollen collected from the legs of forager worker bees. Error
bars ± 1 SEM
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q  THE	  PI	  OF	  PHOSPHOLIPIDS	  IS	  HIGHER	  IN	  
LESS-‐LIVING	  ANIMALS	  

q  QUEENS	  LIVE	  3	  TIMES	  MORE	  
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approximately three-fold difference in phospholipid
PI explains the order-of-magnitude difference in
longevity of workers and queen honeybees.

Fatty acid composition as a longevity biomarker
for humans?

As a species, Homo sapiens lives much longer than
predicted from body mass. For our size, we have a
predicted maximum longevity of only ‘one score and
six’. Associated with our exceptional longevity, we
also have phospholipids with a particularly peroxida-
tion-resistant fatty acid composition. Indeed in this
respect, as a species we fit the relationship for
mammals and birds in general (Fig. 3). There is
considerable variation in the longevity of individual
humans. Measurement of the fatty acid composition
of human erythrocyte membrane lipids, as well as in
vitro measurements on erythrocytes, has shown that
centenarians have a reduced susceptibility to perox-
idative membrane damage (Rabini et al. 2002). Part of
longevity variation is genetic in origin. Studies of
Danish twins suggests the heritability of longevity is
0.23 for females and 0.26 for males (Herskind et al.
1996); hence children of centenarians have been used
as a model system for the study of the genetic basis of
human aging (e.g. Atzmon et al. 2006). The fatty acid
profile of erythrocyte membranes has been proposed
as a potential biomarker of human longevity. A recent
Italian study reported that the children of nonagenar-
ians had erythrocyte membrane lipids with a PI of 64
(Fig. 6), which was significantly lower both than the
value of 85 measured for a group of matched controls

and the value of 83 for unmatched controls (Puca et
al. 2008).

Another aspect of membrane lipid composition
related to extended longevity?

So far, in this contribution I have concentrated on the
fatty acid composition of phospholipids and the
calculated relative susceptibilities membrane fatty acids
of different compositions to peroxidative damage.
However, there is a different aspect of membrane lipid
composition that may also be relevant to aging.While in
phospholipids an ester linkage joins acyl chains to the
glycerol backbone, in plasmalogens (ether lipids) a
vinyl-ether linkage is involved. Such vinyl-ether link-
ages may have antioxidant properties. Plasmalogens are
very high in both central nervous system and the heart
but their precise role is not clear. They have been
implicated in age-related degenerative diseases and
have been proposed to be important membrane anti-
oxidants (Zoeller et al. 1988; Brosche and Platt 1998).
The relative abundance of plasmalogens in species that
differ in longevity has not been systematically exam-
ined, but a recent comparison of the exceptionally
long-living naked mole-rat with the similar-sized but
shorter-living mouse showed the naked mole-rat
tissues to have much higher levels of plasmalogen
than the mice tissues (Mitchell et al. 2007). It would be
of interest to know if membrane plasmalogen levels are
correlated with health or longevity within, as well as
between, mammalian species.

Conclusions

The finding that the fatty acid composition of
membranes varies in a systematic manner among
species, coupled with the fact that fatty acid chains
differ in their susceptibility to peroxidation, has
provided a new window into understanding the
mechanisms involved in aging and the determination
of longevity. By knowing the fatty acid composition
of lipids that constitute a membrane it is possible to
calculate a peroxidation index for the membrane,
which provides a indication of the susceptibility of the
membrane to peroxidative damage. The maximum
lifespan of mammals and birds is inversely correlated
with this calculated peroxidation susceptibility. In a

Fig. 6 Comparison of the PI of human erythrocyte membrane
fatty acids. Data are taken from Puca et al. (2008). Error bars±
1 SEM; sample size shown in each bar. Both controls are
significantly different (*P=0.02 and **P=0.009) from nonage-
narian offspring
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OUR	  WORK	  ON	  LONGEVITY	  
OFFSPRING	  AND	  NORMAL	  CONTROLS	  
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__
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__
__

__
__

__
__

__
__

__
__

__
_

***___________

Healthy DM
0.44 0.98
0.44 0.36
0.49 0.61
0.27 0.38
0.33 0.60
0.28 0.71

0.21
0.20
0.30
0.12
0.34
0.43
0.18
0.18
0.28
0.21
0.20
0.23
0.20

0.36
0.32
0.25
0.22
0.24 DM

vs.
Healthy

"<  0.0001"
****
Yes
Two-‐tailed

"t=5.478  df=28"

****__________

Smalled  sized  dogs:
7  healthy  vs  4  DM

Healthy  dogs  (n=24)  
vs DM (n=6)

Healthy DM
0.44 0.98
0.44 0.61
0.21 0.38
0.20 0.71
0.12
0.23
0.24

DM
vs.
Healthy

0.0007
***
Yes
Two-‐tailed
"t=5.074  df=9"

N=24	   N=7	  

PALMITOLEIC	  ACID	  	  
SIGNIFICANTLY	  DIFFERENT	  
DESATURASE	  ACTIVATION	  	  
IN	  METABOLIC	  SITUATIONS	  
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