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C_Hand O: O << C
and H

-Composed of a
straight HC chain
terminating with
carboxylic acid group

-R-COOH; CH3-COOH

lAsvasIv

—Esters of 3 FA with 1
glycerol
—Triglycerides
(Triacylglycerols)



o An ester
msSvIUunN ki bond
molecule
H D e H b | G
\ | : [ p—
H—C—OH |HO —C—(CH,) —CH, H—C——0— C——Fattyacid
O 0 Fatty acid on Sn-2
7 ” y) ” p _ is on the left side.
H—C—OH + |HO —C—(CH,),—CH; | — |H—C—0—C—|Fatty ﬂrﬂld}
O
3 ” 3 ” r .
H—C—OH HO — C—(CH,) —CH, H—C—0—C—|Fatty ﬂrﬂldj
H H
Glycerol Fatty acids Triacylglycerol

These fatty acids

can be saturated (SFA),
monounsaturated (MUFA),
polyunsaturated (PUFA),
or a combination.

Triacylglyceride
symbol
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-Short chain FA: 2-6C -Saturated fatty acids: all -Linoleic acid
-Medium chain FA: 8-12C  single bond (SFA) -Alpha linolenic acid
-Long chain FA: >12C  -Unsaturated fatty acids:
double bond
—Monounsaturated FA
(MUFA)

—Polyunsaturated FA
(PUFA)
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Lauric acid (12:0) _ _
Carboxylic acid
Methyl or omega (®») end or alpha () end
H HHHHHHHH H H 0
P G G G S S Y A O
| T T T T 17T T T 1 C\OH atty acid
H HHHHUHUHHUHMH H RS
L I |
Fatty acid backbone
Methyl end is Carboxylic acid
often written end is often written

as "CH.'E as —COOH.
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Saturated fatty acid

(stearic acid; 18:0)
Note that this carbon-oxygen

double bond does not make
the fatty acid “unsaturated.”

r
HHHHHHHHHHHHHHHHH‘O
A O
T I T T T TTITTIToT ooy
H H HHWHMHHHHHHHHHHH H OH
Monounsaturated fatty acid
(oleic acid; cis9-18:1)
The presence of a double bond
H HHHHUHUHHH tjem;:'ﬂ the fatty acid backbone
L L L Ll I/ HH HE HHEHHE g
H—CCCCCCT?C~:\||||||||,{/
I O N N / Ne— C—C—C—C—C—C
HHHHHHHH/S ~ LT T T Nom
/" H HHHHHH
There are two fewer hydrogens
for each double bond
Polyunsaturated fatty acid
(linoleic acid; cis9,cis12-18:2)
H H H H H H
L L L L I |l H H H
H'—CCCCCCx\é||HHHHHHHHD
AR s VN
H HHHHR \ | S EaNEREgRERsCe =0 C—C
"-H H | | | | I | | \OH
\ H H H H H H H

The presence of two
double bonds causes
two bends in the fatty
acid backbone
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A cis fatty acid

H H H H|
H—C c’: (IJ (ID T T i T 0
—C—(Ciupas y
| ——— 7
H H H | | \OH
H H H H
A trans fatty acid Hydrogens are on opposite
sides of the fatty acid backbone.
H H H H H H H H 0
- - - 4
H—C—C—C—=C=0=C=C=—C—C—C
[ ] T Non
H H H H H H H H

Hydrogens are on the same

side of the fatty acid backbone.
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—Supply energy
—Protect vital organs

—Thermal insulator

—Maintain body temp.

—Membrane structure
—Fat soluble vitamins
—Source of steroid
hormone

—Source of eicosanoids;
prostraglandins
Thomboxane and
leukotrienes



Required enzyme or

Location Major events secretion and source

Mouth

Details

Triglyceride T T

N L | |
. ; o : H—C— Fatty acid H—C— Falty acid
| Minor amount | Lingual lipase | + H.0
. of digestion | produced in the H*'-fi?— Fally acid == H—(IJ—- Fatty acic

I lan
Salvery.gends. . | H—G Fatty acid H—C—OH

| |

' |

' Triglycerides, diglycerides, | \ | _

| and fatty acids | H H  +Fatty acid

Lingual lipase removes some

| | | fatty acids here.
Stomach | |
E H H
Additional . Gastric lipase | | .
adigestion | produced inthe | H—(f— Fatty acid H—-+——-Famf acid i
| stomach : - +H0 :
; | ' H—C—Fatty acid ——# H—C—Fatty acid

Triglycerides, diglycerides, - H—C—Faity acid H—rl:-— OH
and fatty acids ! | I \ I
H H + Fatty acid
Gastric lipase removes some
fatty acids here.

ESET—— TR — e R i, - il e i

Small

intestine | Phase | | Bile;nolipase | See Figure 6.14
’ Emuisification | for details Al
i concerning Gim
2 : ] E emulsification.
Emulsified triglycerides, |
diglycerides, and f H H |
fatty acid micelles (IJ | |
H—C - Fatty acid H=—C=—OH |
Phase Il: Pancreatic | | ~ +H0 _
Enzymatic lipase produced | H—C-Fattyacid =———% H—C—Fatty acid
digestion in pancreas | H—C—+Fatty acid H—C— OH
H M  + 2 Fatty acids
Monoglycerides and Pancreatic lipase removes

fatty acids

| I P — —

some fatty acids here.

=
I

P ———— a— S



Key

Short-chain | cf‘
fatty acid 2 ¢
- Medium-chain 3
| fatty acid Long-chain fatty acids, lysophospholipids, |
: . cholesterol, and monogylcerides are j
. Long-chain packaged into micelles and then takenup |
| fﬁ“?ﬂﬂld f,_,..‘ _ WIMW E
¥ Monoglyceride 4 ;: :
- T ) -Long chain FAs are
R oo . Triglycerides, phospholipids, and | Chotmlm tuglywndas.]
/1| Triglyceride ] \ ?Mrylaﬂmmmhm. JI | and phospholipids arethen reformed to TG and CE.
? Lysophospholipid A | | Wmlamtedhm? | -Short chain and
f Phospholipid ' ' é’d@@ | L J medium chain FAs are
& Cholesterol \ , 1 directly absorbed to
& Cholestery GO EAD B portal vein.
esters AL R AL
@ Albumin \ \

) Short- and medium-chain
fatty acids are absorbed

I easily and circulated in the
L_ biood bound to albumin.

F

Enterocyte
To the
Blood

To thoracic
duct



metabolism in
the liver after
fatty meal

Biliary excretion

@ Dietary nutrients enter the liver through the portal vein. Glucose
can be converted to glycogen or enter glycolysis.

@ Amino acids enter the amino acid pool and some are metabolized
to produce pyruvate and oxaloacetate.

3 Short-chain free fatty acids (FFA), bound to albumin enter the fatty acid
pool and are incorporated into triacylglycerols (TAG).

ﬁ Chylomicron remnants (CR) attach to binding sites with
lipoprotein lipase and deliver FFA, diglycerides (DG), monoglycerides
(MG), phospholipids (PL), and cholesterol (C).

Triacylglycerol
pool

Fatty acid
pool

@ TAG, C, and PL are packaged with apolipoproteins and enter the
circulation as VLDL or HDL.

@ VLDL deliver the meal's lipids to the non-hepatic tissue.
@ HDLis involved in reverse cholesterol transport.



metabolism in
the adipocyte
after fatty meal

Adipocyte

Triacylglycerol
pool

@ Glucose is metabolized to make acetyl CoA which can be converted to fatty acids.

@ Lipoprotein lipase act on TAG in chylomicrons (CHYLM) and free fatty acids (FFA) and glycerol
enters the adipocyte. Glycerol can not be used and is excreted back into the bloodstream.

€ Lipoprotein lipase acts on VLDL so TAG, FFA, diglycerides (DG), monoglycerides (MG) and
choldesterol enter the cell.

@) The pathways favor energy storage as TAG. Insulin stimulates lipogenesis by promoting
glucose into the cell and by inhibiting the lipase which hydrolyzes the stored TAG to FFA
and glycerol.
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Glucose-6-phosphate

I NADP* NADE*—
Fructose-6-phosphate -
NADPH
- NADPH S H*
r‘
Malate )
Glyceraldehyde- .
3phosphate L dehydrogenase . MalonyCoA
NAD" «
Glyceraldehyde- CO: ATP
3-phosphate Acetyl-CoA
HE AN NADH + H* Oxaloacetate co, || carbactase
Pyruvate ‘t —/ /
N Acoly Coh
.y ATP- Go:\
o citrate | | CoA ATP Acetate
lyase ATP
Citrate H* itrate » |socitrate ﬁ/
4 4 Isocitrate
Outside deh:rd
| Inner mitochondrial membrane :
Inside | I ]
Pyruvate
dehydrogenase U
P o » Acoty-CoA Malate
Mitochondrion Y
a-Ketoglutarate
NADH + H* Oxaloacetate
I Citric acid cycle
\_ NAD*

» Malale - a-Keloglutarate < H
»
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-Fully hydrogenation
-Qil blending
-Inter-esterification
-Fractionation
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Original article

Diet composition, nutrient substitutions and circulating fatty acids in | m)
relation to ectopic and visceral fat depots S

Michael Fridén °, Andrés Martinez Mora °, Lars Lind ©, UIf Risérus °, Joel Kullberg ™,
Fredrik Rosqvist *

* Department of Public Health and Caring Scences, Cinical Nutrition and Metabolizm, Uppsala University, Uppsalz, Sweden
" Department of Surgical Sciences, Radiolry, Uppsala University, Uppsala, Sweden

* Department of Medical Scences, Jinical Epidemiology, Uppsala University, Uppsala, Sweden

4 Antaros Medical AB, Mindal, Sweden

ARTICLE I NFOD s5uUuMMARY
Article history: Backpround & aims: Short-term randomized trials have demonstrated that replacing saturated fat (SFA)
Received 2 February 2023 with polyunsaturated fat (PURA) causes a reduction or prevention of liver fat accumulation, but

Accepted 14 August 2023 population-based studies on diet and body fat distribution are limited. We investigated cross—sectional

associations between diet, circulating fatty acids and liver fat, visceral adipose tissue (VAT) inter-

Kﬂ"'“’“”"-‘-' muscular adipose tissue (IMAT) and other fat depots using different energy-adjustment models.

Driet ) Methods: Sex-stratified analyses of n=9119 (for serum fatty adds) to 13 849 { for nutrients) partdcipants in UK
E::;lp':: irj_: Bioban k were conducted. Fat depots were assessed by MEI, circulating fatty adds by NME spedroscopy and
Liver fat diet by repeated 24-h recalls. Liver fat, VAT and IMAT were primary outcomes; total adipose tissue (TAT) and
Polyunsaturated fat abdominalsubcutaneous adipose tissue | ASAT) were secondary outcomes. Three a priorid efined models were
Saturated fat constructed: the all-components maodel, standard model and leave-one-out model {main model including

specified nutrient substiutions). Imiomics [ MEI-derived ) was used to confirm and visual ze associations.
Results: In women, substituting carbohydrates and free sugars with saturated fat (SFA) was positively
associated with liver fat (p (95% () = 0.19 (0.02, 0.36) and f (95% CI) = 0.20 (0.05—035), respectively) and
IMAT (B (95% C1) = 0,07 (0,00, 014) and p (95% C1) = 0.08 (02, 013 ), respectively), whereas substituting
animal fat with plant fat was inversely associated with IMAT, ASAT and TAT In the all-components amd
standard models, SFA and animal fat were positvely associated with liver fat, IMAT and VAT whereas plant
fat was imversely associated with [MAT in women Few associations were observed in men Circulating
polyunsaturated fatty acids [PUFA) were inversely associated with liver fat, IMAT and VAT in both men and
women, whereas SFA and monounsaturated fatty adds were positively associated.
Conclusions: Type of dietary fat may be an important determinant of ectopic fat in humans consuming
their habitwal diet Plant fat and PUFA should be preferred over animal fat and SFA. This is corroborated
by circulating fatty acids and overall consistent through different energy adjustment models.
Twitter summary; [n UK Biobank, intake of saturated- and animal fat were positively whereas biomarkers
of polvunsaturated fat were imversely associated with liver-, visceral- and intermuscular fat. Type of
dietary fat may be a determinant of ectopic fat, a risk factor for cardiometabolic disease.

o 2023 The Authors. Published by Elsevier Lod. This is an open access article under the CC BY license

(http: [[creativecommons org|licenses by /4.0




Liver fat (All-componcnts model) B (95% €1
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5TA | O 0.00 {-0.07, 0.24)
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n-3 PLIFA O - 015 (-1,44, (14
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Suernse M| J L3021, 0.18)
SUECTCRe =2} 0.04 {«{).44, 0.52)
Fiber —LF 0,07 (<114, .28}
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Carsl pydrale :[LH' 0.00 {04, 004
o vokred e K 02 (005, Yy
Provein —L .04 (<0111, 0.02)
Pecslee n S8 (06 (=40, 0, 0,02 )
Anival protein Mgl -0 (=012, 0.01)
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Pluah ool ' ] 0.15 (005, 0.34)
Plant protcin w i (hF5 (<022, 01 3)

-0, %0 0,60 0.4 0,20 0,00 0,20 0,40 0,6 )80
b (@3l

W FrdFm F i B R

[ L

6790 men and 7059 women

Friden et.al.

2023..Clinical Nutrition

42, 1922-1931



IMAT (All-components model) [ (95% €T
Total fat -0.01 (-0.03, 0.01)
Tatal fat Mt 000 (D03, 008)
SEA g 042 (0,03, 0.08)
SKA —O— NOR(0.02 013)
MUFA b et -0.05 {-0.14, 0.04)
ML I'A O 0,09 (-0, 1%, 0,00)
PUEFA : {1 | 001 (-0.11,0.12)
PUFA —10 = 002 (0 1L 015
n-3 PUIFA ] H— 0,03 (-0,13, 0,06)
n-3 PUFA ™ 010 (-0.01,0.20)
n-6 PUFA : n : 0.05 (-0.10,0.19)
n-0 FUI A O : -0.06 (-1,2 1, 0.04)
Plant fat -N.02 (-0.05, 0.01)
PEt fat HO 03 (006, -0.01)
Anital I 000 (002,002)
Animal fal 003 10,00, 0,)3%)
Total sagnrs 0,02 {-C.04, 0.00)
Tolal sagars VLU (D02, 0.02)
Free sugars D01 (-,03, D.02)
Froe sugars 1 000 (0.02,0.03)
Sucrose (} = 0,09 (10,28, 0.09)
NUCrose = O (.09 (0,110, 0.29)
Fiber 0,02 {-C. 0%, 0.05)
Fiber 00 (D03, 0.07)
Carbohydrate 0.00 (-0.02,0.01)
Carbohydraie 0.00 (<0.01,0.01)
Prosin 0.00 (-0,02,0,03)
rogln 001 (001, 0.04)
Amimal protein 0.00 (-0.02,0.03)
Animal prowin - 0.02 (0.01,0.04)
Plant pretein - 0,03 (0,04, 0.09)
Plant pretein —@H «0.03 (.12, 0.02)
(-, (M) 0.2 .20

5155% C1)

IMAT= intermascular
adipose tissue

Friden et.al.
2023. Clinical Nutrition
42, 1922-1931



Liver fat (Standard model) B (95% CI)

QFEA 1} (.49 (0 43_1).55)
SFA —O— 0,45 (0,39, 0.52)
MUFA —H_H (.41 (0,36, 0.46)
MUFA O 0.55 (0,51, 0.60)
PUFA IH{ 0.34 (-0.37, 0.31)
FUFA M 0.dd (-0.48, -0.41)
n-6 PUFA Hh 033 (0,37, -0.30)
6 PUFA WOH 0,43 (-0,46, -0,39)
LA { H -0.35 (0,38, -0.31)
LA W - 0.35 (-0,38, -0.31)
n-3 PUFA pef et 0.15 (-0.23, 20.07)
n-3 PUFA pee et 20,20 (-0.28, 0.13)
DHA {} .86 (-1.04, -0.68)
DHA O -1.20 (-1.37, -1.02)

| 40 -1.20 -1.00 .80 0,60 040 -0.20 0.00 0.20 0.40 0,60 0.80

B (95% CI)

Associations
serum fatty acids
and liver fat in
4475 men (grey
squares) and
4644 women

(yellow circles).

Friden et.al.
2023.Clinical Nutrition
42, 1922-1931



VAT (Standard model)

B (95% CI)

SFA ] 0.21 (018, 0.23)
SFA WD) 0.13¢0.10, 0.13)
MUFA 0.30 (0.28, 0.33)
MUFA O 0.28 (0,26, 0.29)
PLTFA (] .20 (-0.22. -0.19)
PUFA O 0,19 {-0.20. -0.1&)
n-6 PUFA (] 0.20(-0.22, -0.19)
n-6 PUFA ) 0,18 (<0.20, -0.17)
LA O 0.21 (<0.23, -0.19)
Lk O 0.15 {-0.16. -0.13)
-3 PUFA H_H 008 (-0.12, -0.04)
n=3 PUFA KD () 09 («0.12, 0.07)
DHA — — 0.60 (-0.68. -0.51)
DHA —@)— -0.58 (-0.65, -0.52)
140 -1.20 « 1 .00 ()_K0 <1164 (.40 020 Ch (0 (.20 (.40 .60 (.50

Associations
serum fatty acids
and visceral
adipose tissue in
4475 men (grey
squares) and
4644 women

(yellow circles).

Friden et.al.
2023.Clinical Nutrition
42, 1922-1931



IMAT (Standard model) B(95% CI)

SFA L 0,0% (006, 0, 10)
SFA O 0.10 (0,07, 0.12)
MUFA ] (L1 (009, 0.12)
MUFA 0.16 (0,14, 0,18)
PUFA ] 0,07 (-0,090, -0,06)
PUFA Q 012013, 0.1
n-6 PUFA ] 20,07 (-0.09, -0.06)
n-6 PUFA O D11 (-0.12, -0.09)
LA ] .10 (=0.11. =0.08)
LA O 0.11 (-0.12, -0.09)
n-3 PUFA [H 20.03 (-0.05, 0.00)
n-3 PUEA {OH 0.07 (-0.10, -0.04)
DHA —{ 0.20 (-0.26, -0.14)
DHA —(O— .36 (-0.43, -0.29)

-1.40 -1,20 -1.00 -(). 80 -1).60) -0.40 -(.20 (.00 (3200 (.40 .60 ()%

B{95% CI)

Associations
serum fatty acids
and intermuscular
adipose tissue in

4475 men (grey
squares) and

4644 women

(yellow circles).

Friden et.al.
2023. Clinical Nutrition
42, 1922-1931



Associations

Liver fat B (95% CD) .
between dietary

SFA with PUFA | (] : 0.09 (-0.26, 0.43)
SI'A with PUFA | ®, | 0.13 (-0.44, 0.19) and serum FA
Animal Bl with plant G % 1 i -0.02 (-0.12, 0.09) SUbStitUtiOnS and
Animal fat with plant fat —{—— 006 (-0.15.0.03

body fat depots
Carbohvdrates with fat —+H} - 0.04 (-0.04, 0.11) .
Carbohydrates with fat —O— 0.06 (-0.01, 0.13) in 6790 men
Carbohvdrates with PUFA 1} { 0.17¢(-0.17. 0.51) (grey Squares)
Carbohvdrates with PUFA O 0.07 (-0.25, 0.38) and 7059
Carbohydrates with SFA {1} 0.09 (-0.08, 0.26)
Carbohvdrates with SI'A ' O 0.20 (0.03, 0.35) women (ye”OW
Free sugar with PUFA [} 0.18 (-0.16. 0.53) CIrCIes)
Free sugar with PUFA O 0.07 (-0.25, 0.38)
Frce sugar with SFA (] 0.15 (-0.04, 0.33)
liree sugar with SIA @ 0.19 (0.02, 0.36)
Scerum SFA with LA —{_ ] -0.37(-0.43,-031)
Serum SFA with 1.A 5 -0.32 (-0.39, -0.26)

0.60 0.40 -0.20 0.00 0.20 0.40 0.60 FiEiEm Selk

2023..Clinical Nutrition

<0,
B (95% CI) 42, 1922-1931
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