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Changes In Fatty Acids Profiles After Three Weeks Of 

High-Fat Diet Feeding In Obesity-Prone Rats 
Tzu-Wen Liu 

Dr. John P. Thyfault, Thesis Supervisor 

Abstract 

High-fat diet (HFD) feeding is commonly used in animal models to induce 

obesity and metabolic diseases.  However, the effect of HFD on serum fatty acid profiles 

remains unclear.  Changes in serum fatty acid profiles due to HFD may be a factor in 

lipotoxicity in various organs.  Historically, in vitro studies have utilized individual non-

esterified fatty acids (NEFA) to study lipid exposure, potentially ignoring the importance 

of fatty acid combinations on cellular lipid metabolism.  OBJECTIVE: To accurately 

characterize the proportion of circulating fatty acids entering and exiting the liver in 

obese-prone rats fed with HFD in both fasted and fed state.  Our ultimate goal is to create 

a physiological relevant fatty acid mixture to investigate lipid exposure in a cell culture 

system.  METHODS: Obesity prone rats were fed a HFD (60%kcal fat) or a control diet 

(10%kcal fat) for 3 weeks; liver, portal and systemic blood samples were collected. 

Triglycerides (TG) and NEFA in the serum, TG, diglycerides (DG) and phospholipids 

(PL) in the liver were extracted and analyzed using gas chromatography.  RESULTS: 

HFD group was heavier and had bigger fat pad compared to control diet fed animals.  

Both systemic and portal serum TG were ~40% lower in HFD.  In contrast, liver had 

higher fasting TG (~2-fold) and DG (~1.3-fold) in the HFD group compared to control 

group.  Total serum NEFA levels were not affected by diet in the fasted state, but 
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increased in the HFD group compared to the control group under fed state.  In the control 

group, monounsaturated fatty acids (MUFA) were the predominant fatty acids in serum 

TG, whereas polyunsaturated fatty acids (PUFA) were the dominant fatty acids in the 

HFD group.  The elevations of PUFA were mostly attributed to the increased of n-6 

PUFA, linoleic acid and arachidonic acid.  Similar shift from MUFA to n-6 PUFA also 

occurred in the serum NEFA fraction. CONCLUSION: HFD shifted predominate fatty 

acids of serum TG fraction from MUFA in the control diet to n-6 PUFA.  A more 

physiologically relevant fatty acid mixture to mimic HFD conditions for in vitro studies 

may include increased linoleic acid and arachidonic acid relative to saturated fatty acids 

and MUFA.   
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Chapter  

1. Introduction 

The World Health Organization (WHO) indicates that nearly 500 million people 

are obese and 1.4 billion overweight in 2008. Moreover, 43 million children under the 

age of five were overweight in 2010 (1).  The estimated medical costs of obesity related 

diseases in 2008 were twice as much as in 1998 in the United States (2).  It is apparent that 

obesity is a serious health issue leads to increased cost of health care.  The associated 

adverse health problem and complications of obesity are usually the causes of morbidity 

and mortality, including insulin resistance, Type 2 diabetes (T2D), and the metabolic 

syndrome (3, 4).   

Except genetic factors, the prevalence of obesity is mostly caused by overnutrition 

and sedentary lifestyle.  The high proportion of fat and simple sugar in the Western diet 

are one of the major causes of overnutrition in modern society.  With the occurrence of 

obesity, dyslipidemia and ectopic lipid accumulation appear.  These two main symptoms 

are believed to be the major drivers of insulin resistance and T2D.  Lipid exposure has 

therefore been used to induce excess lipid storage and insulin resistance in various cell 

culture models of tissues known to participate in the development of metabolic diseases 

associated with obesity (muscle, liver, adipose, endothelial, pancreas).  Induction of 

insulin resistance via lipid exposure in cell culture provides scientists a useful isolated 

system with which to test a myriad of nutraceutical/pharmaceutical treatments for 

obesity-related diseases. 
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Obesity, Fatty Acids And Insulin Resistance 

Obesity has been linked to elevated circulating fatty acids levels, including both 

NEFA (5) and TG (6-8), as well as insulin resistance(4).  Under normal circumstances, fatty 

acids are stored in the adipocytes as TG and then undergo liberation by lipolysis during 

fasting that leads to elevated circulating NEFA levels.  The existence of adipose tissues 

protects non-adipose tissues such as liver, muscle, heart and pancreas that have limited 

capacity for TG storage from excessive lipid accumulation.  Lipotoxicity is induced when 

excessive lipid storage in these tissues occur, so called ectopic lipid accumulation that is 

associated with metabolic syndrome, insulin resistance and dyslipidemia (9).  Elevated 

circulating TG is well-known to be positively associated with insulin resistance and has 

been commonly used as a clinical marker (10), however, the evidences and mechanism of 

how NEFA associated with insulin resistance are still not completely understood (11).  

Despite the lack of solid consensus on how elevated circulating NEFA induce 

insulin resistance, evidence shows that obese people have increased plasma NEFA level 

due to the elevated NEFA secretion from enlarged and stressed adipocytes and/or reduced 

NEFA clearance (5).  Lowering elevated plasma NEFA levels in both lean and obese 

patients has been shown to improve insulin resistance and glucose tolerance (12). 

Moreover, portal NEFA levels appear to be negatively correlated with hepatic insulin 

clearance in obese rats (13).  Circulating NEFA and TG appear to play an important role in 

obesity and insulin sensitivity.  
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Hepatic and Circulating Lipid Metabolism 

Lipid metabolism is mostly dominated by liver, the main organ that takes up the 

majority of the lipids absorbed in the gut and a) uses them as an energy source, b) stores 

them or c) repackages them into lipoproteins. As mentioned above, excessive lipid 

accumulation in the liver causes cellular toxicity in which the liver fails to suppress 

VLDL secretion due to increased apolipoprotein B level and eventually leads to 

dyslipidemia (14, 15).  These elevated lipids travel through the circulation and may further 

cause lipotoxicity in various organs and lead to inflammation.   

Liver receives exposure to fatty acids from the blood stream of both systemic 

circulation and the portal vein.  In the fasted state, fatty acids in the portal vein are a 

result of lipolysis in visceral fat (16, 17).  To our best knowledge, the differences of fatty 

acid profiles of TG and NEFA between systemic circulation and portal blood in relation 

to a high fat diet or obesity are still unclear.   

 

Fatty Acid Usage In Cell Culture  

Due to the important regulatory roles of liver, primary hepatocytes and 

immortalized hepatocyte cell lines have been widely used to investigate how fatty acids 

induce lipid accumulation and hepatic insulin resistance (18, 19).  Many different fatty acid 

species or different fatty acid mixtures have been used to demonstrate lipid exposure to 

induce insulin resistance.  Previous evidence showed that multiple fatty acid species have 

the same ability in inducing insulin resistance in primary hepatocytes (20), however, 

palmitic acid (C16:0) and oleic acid (C18:1, n-9) are two of the favorite species to most 
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of the researchers (21, 22).   Palmitic acid and oleic acid are the dominant saturated fatty 

acids (SFA) and mono-unsaturated fatty acids (MUFA) in the circulation and most tissues, 

respectively (23).  Additionally, some research teams believe that only SFA have the 

ability to induce intracellular lipid accumulation followed by the development of insulin 

resistance, therefore, palmitic acid is the species that has been used more commonly for 

these purposes (24-26).  Despite the intense lipotoxicity induced by palmitic acid, adding 

oleic acid into the fatty acid mixtures increase the physiological relevance even though it 

acts almost in an opposite sense with palmitic acid to cellular lipid metabolism.   

A study conducted by Chabowski et al. (27) suggested that oleic acid was 

contributed to the increasing amount of diglycerides (DG) fraction, whereas palmitic acid 

was the one that can induced the accumulation of TG.  Palmitic acid has the ability to 

increase saturation in ceramide fraction, whereas oleic acid incubation could prevent 

inflammation, insulin resistance and apoptosis by a sequestration of palmitic acid into TG 

pool, thus preventing its conversion into ceramides (9).  Apparently every researcher has 

their favorite fatty acid species for different reasons; a standard fatty acid mixture does 

not exist, ergo making it harder to compare the responses obtained from each study. 

Liver is exposed to more than one single fatty acid in vivo (23),  therefore the 

current method may potentially ignore the importance of fatty acid combinations in 

cellular lipid metabolism.  It has been shown that different fatty acid species cause 

various toxicity and/or inflammation reactions to cells that may eventually alter cell 

functions.  For instance, a study aiming to determine the toxicity of NEFA on two human 

leukemic cell lines by the loss of cell membrane integrity and/or DNA fragment showed 
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that of the SFA, the longer the carbon chain length the higher the cytotoxicity (stearic 

acid (C18:0)> palmitic acid (C16:0) > myristic acid (C14:0) > lauric acid (C12:0)) (28).  In 

the same study, the ranking of toxicity of the monounsaturated fatty acids (MUFAs) was: 

palmitoleic acid (C16:1n7) > vaccenic acid (C18:1n7) > oleic acid (C18:1n9) > elaidic 

acid (C18:1n9 trans) (28).  Furthermore, the cells challenged with polyunsaturated fatty 

acids (PUFA) has been shown to have membrane modifications due to the fast 

assimilation of PUFA in neutral or polar lipids.  The effects of n-3 and n-6 PUFA on 

membrane signaling of immune response have also been widely documented (29-31).  Due 

to the specificity of some fatty acids on regulating cell metabolism, it is important to 

create more physiological relevant fatty acid mixtures to mimic in vivo response.  To 

accomplish this goal, we first need to examine the fatty acid profile in the circulating 

serum.  Moreover, this should be done in an in vivo model in which lipid accumulation 

and insulin resistance is induced by a HFD in order to adequately reflect the obese, high-

energy (HE) diet condition.  

 

Obesity-prone Sprague-Dawley Rat Model 

 In the outbred Sprague-Dawley rats fed with HE diet that contains 31% kcal fat, 

approximately half of the rats became hyperphagic and developed diet induced obesity 

(DIO), while the rest of them were resistant to the HE diet (32, 33).  The high responding 

substrain, known as obesity-prone rats, have been inbred over several generations in an 

effort to retain this obese phenotype.  Similar to human obesity, the bimodal pattern of 

this DIO model has proven to be due to a polygenic pattern of inheritance (34).   This 
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polygenic obesity-prone substrain has common features with human obesity that serves 

as a suitable model for studying the effects of a high-energy/high-fat diet on circulating 

fatty acid levels (35).  Most importantly, they ensure that we will have consistent 

hyperphagic and weight gain response to a high-energy/ high-fat diet.  

 

Effects of High-Fat Diet on Serum Fatty Acid Profile 

High-fat diet (HFD) has been widely used to develop a diet-induced obesity 

model for animal researches.  The Open Source Research Diets (Research Diet, Inc., New 

Brunswick, NJ, USA) is one of the most commonly used commercial diet in rodent 

studies nowadays that provides diets with various proportion of macronutrients to fit 

different research needs.  Among all the HFD products in this company, the lard-base 

HFD that contains 45% kcal (24% by weight) or 60% kcal (35% by weight) fat has been 

used most frequently.  Despite the widely usage of these HFDs, how they affect serum 

fatty acids profile in different lipid classes is still unclear.  

 In order to create a more physiological relevant fatty acid mixture to study lipid 

exposure in a cell culture system, we first need to accurately characterize the proportion 

and concentration of circulating fatty acids entering and exiting the liver in obese-prone 

Sprague-Dawley rats fed with HFD in both fasted and fed states.  We fed the obesity-

prone rats a lard-base HFD with 60% kcal fat for three weeks and analyzed the fatty acids 

profiles in different lipid classes from their portal and systemic circulating serum samples.  

In the future, fatty acid mixtures will be made based on the data we collect in this study 
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and incubated with HepG2 cells to compare the cell responses with the conventional fatty 

acids treatments. 

2. Materials and Methods 

Animals and Study Design 

Thirty-four 5-week-old obesity-prone Sprague-Dawley rats were purchased from 

Taconic (Hudson, NY, USA) and housed in a room controlled for temperature (75°F), 

humidity (50%), and light cycle (12 hour light/dark) in Harry S Truman Memorial 

Veterans Medical Center.  Rats had access to ad libitum standard rodent chow (Purina 

Formulab 5008, St. Louis, MO, USA) and water.  At the age of 7 weeks, rats were 

switched to a low-fat control diet (10% kcal fat (half of the fat came from lard, half of 

them came from soybean oil), 20% kcal protein, 70% kcal carbohydrate, D12450B, 

Research Diet, Inc., New Brunswick, NJ, USA) for three weeks.  Rats were then 

randomly separated into two groups with equal average body weight.  One group was 

continuing to be fed the control diet while the other group was fed the HFD (60% kcal fat 

(92% of the fat came from lard, 8% from soybean oil), 20% kcal protein, 20% kcal 

carbohydrate, D12492, Research Diets Inc., New Brunswick, NJ, USA) for three weeks.  

Diets compositions and fatty acid profiles are shown in Table 1 and Table 2.  Fourteen 

rats (7 in control group, 7 in HFD group) were euthanized at 9am after a 12-h food 

withdraw whereas the other twenty rats (10 in control group, 10 in HFD group) were 

continue to be fed ad libitum until euthanasia at 7am in the morning under fed state.  

More rats were used in the fed state group because more variations were expected due to 
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ad libitum feeding prior to sacrifice.  Rats were anesthetized with pentobarbital 

(100mg/kg) and then exsanguinated by removal of heart.  Systemic circulation and portal 

blood samples were collected and sit under room temperature for 20 min before 

centrifuged (7000g, 10 min, 4°C).  Serum were aliquoted and stored in -80°C for further 

analysis.  Study timeline is shown in Figure 1.   
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Control Diet 

 
HFD 

    %g   %kcal   %g   %kcal 
Protein 

 
19.2 

 
20 

 
26.2 

 
20 

CHO 
 

67.3 
 

70 
 

26.3 
 

20 
Fat 

 
4.3 

 
10 

 
34.9 

 
60 

Total    100    100 
kcal/g 

 
3.85 

   
5.24 

                    

  
Control Diet 

 
HFD 

    g   kcal   g   kcal 
Sucrose   350   1400   68.8   275.2 
Soybean oil 

 
25 

 
225 

 
25 

 
225 

Lard 
 

20 
 

180 
 

245 
 

2205 
Total   1055   4057   774   4057 

Table 1.  Diets compositions.  The upper part of this table shows the proportion of 

macronutrients in both the control and high-fat diets.  The lower part of this table 

includes the important constituents in the diets and the actual amount of food that animals 

need to ingest for the same caloric consumption. 
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 Control Diet (D12450B)   HFD (D12492) 
Fatty acid g/kg diet        %   g/kg diet         % 

16:0 6.5 15.1   49.9 20.3 

16:1 0.3 0.7   3.4 1.4 

18:0 3.1 7.2   26.9 10.9 

18:1n9 12.6 29.2   86.6 35.2 

18:1n7 0.0 0.0   0.0 0.0 

18:2n6 18.3 42.5   73.1 29.7 

18:3n3 2.2 5.1   5.2 2.1 

20:4n6 0.1 0.2   0.7 0.3 

20:5n3 0.0 0.0   0.0 0.0 

22:4n6 0.0 0.0   0.0 0.0 

22:5n3 0.0 0.0   0.2 0.1 

22:6n3 0.0 0.0   0.0 0.0 

Total 43.1 100.0   246.0 100.0 

SFA  22.0    31.0 

MUFA  30.0    37.0 

PUFA  48.0    32.0 

Table 2.  Fatty acid profile of the diets.   



 

11 

 

 

Figure 1. Study timeline.   
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Lipid Extraction 

Serum:  0.5mL of serum from each sample was pipetted into a 15 mL screw-

capped glass conical tube and mixed with 1.5 mL of ice-cold aqueous buffer 

Tris[hydroxymethyl]aminomethane hydrochloridef[50 mmol/L] and Na2EDTA [1 

mmol/L]; pH, 7.4).  Twenty µg of C17:0 NEFA (Sigma, St. Louis, MO, USA) in 

chloroform and 25 µg of C17:0 TG (Nu-chek, Elysian, MN, USA) were added into each 

sample as internal standards.   

Liver: Approximately 100mg of liver from each sample was homogenized in 2mL 

of Trizma/EDTA buffer.  One hundred µg of C17:0 TG, 25µg of C17:0 DG (Nu-chek, 

Elysian, MN, USA), and 100µg of C17:0 phospholipids (PL; Avanti, Alabaster, AL, USA) 

were added into each sample as internal standards. 

Lipids were extracted by the method of Folch et al.(36) with slight modifications.  

Samples were mixed with 3ml of 0.5% of acetic acid in methanol, and then 6mL of 

chloroform was added into the mixtures.  The mixtures were sitting under room 

temperature for 10 minutes for phase separation before being centrifuged at 190g for 10 

minutes.  The lower organic phase containing lipids were transferred into another glass 

conical tube through 1PS filter (Whatsman, Piscataway, NJ, USA) and evaporated under 

a nitrogen stream and then reconstituted with 0.1mL of 2:1 chloroform: methanol. 

 

Separation of Different Lipid Classes  

Individual lipid classes of the extracted lipid were separated using thin-layer 

chromatography (TLC).  A 20 × 10 cm silica gel 60Å analytical plate (Sigma, St. Louis, 
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MO, USA) was washed with a 1:1 chloroform: methanol solvent before spotted with 

extracted lipid.  Lipid class standards were also spotted for detecting target bands.  Total 

lipid classes were separated by developing the plate for about 20 min in a solvent system 

containing hexane, diethyl ether, and acetic acid in the ratio of 70:30:1 (v/v/v).  The TLC 

plate was then sprayed with 0.1% of 2’, 7’- dichlorofluorescein in methanol.  Individual 

lipid bands on the plate were detected under a UV lamp and the margins were marked 

with a thumbtack.  TG and NEFA bands in the serum samples and the TG, DG and PL 

bands in the liver samples were scraped with a razor blade and collected into round 

bottom screw-capped glass tubes.  

 

Fatty acid Methyl Esters (FAME) 

Toluene (0.5 mL) was added into the round-bottom glass tubes with collected 

lipid fractions.  For TG, DG and PL fractions:  1mL of 0.5M sodium methoxide in 

anhydrous methanol was mixed with the each sample for 1 min, 0.75mL of distilled 

deionized water and 2 mL of iso-octane were then added into the glass tube.  The samples 

were vortexed thoroughly and sat 10 min for phase separation before being centrifuged 

under 190g for 10 min.  After centrifuged, the upper layer was transferred into another 

15mL conical glass tube through a sodium sulfate-filled glass pipette before blowing 

down under a nitrogen stream.  The FAME of TG, DG and PL were reconstituted with 

0.1 mL of heptane and transferred into auto-injector vial.  For the NEFAs fractions: 1.2 

mL of methanol and 0.1 mL of acetyl chloride were added into the glass tube, the mixture 

was heated up in the water bath for 60 min in 100°C.  Two ml of hexane and 0.75mL of 
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distilled deionized water were added to the NEFAs mixture; mix thoroughly and wait 10 

min for phase separation.  The upper phase was transferred into another conical glass 

tube through a sodium sulfate-filled glass pipette before blowing down under a nitrogen 

stream.  The FAME of NEFAs were reconstituted with 0.1mL of heptane and transferred 

into auto-injector vials for analysis by gas chromatography. 

 

GC Data Analysis 

Commercially available FAME standards were used to identify target fatty acids 

by comparing the chromatograms of sample FAME with the FAME standards.  The peak 

area of each fatty acid was normalized to the peak area and concentration of the internal 

standard.  The percentage and total µg of each fatty acid species were calculated.  

Moreover, the molar concentration of the each fatty acid was calculated and then 

converted to moles of the corresponding lipid classes through molecular weight 

calculations.  The total concentration of lipid classes was normalized to serum volume to 

obtain concentration (mg/dL) in each sample.  

 

Stearoyl-CoA desaturase 1 (SCD-1) indices 

 SCD-1, also called delta-9 desaturase, is an enzyme that convert SFA (C16:0 and 

C18:0) to MUFA (C16:1 and C18:1).  The indices of SCD-1 was calculated by dividing 

the total concentration of C16:1 with C16:0 (SCD-16) and C18:1/C18:0 (SCD-18) in 

each fraction of serum samples and liver.   
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Statistic Analysis 

One-way ANOVA was performed using SPSS software to obtain the comparison 

of body weight, body weight gain, fat pad weight, food intake, and each fatty acid in the 

liver between control diet and HFD group.  The differences between SFA, MUFA and 

PUFA in each diet group were also determined by one-way ANOVA.  Two-way 

ANOVA was performed using SPSS software to obtain the comparison of serum fatty 

acids in control diet versus HFD and portal versus systemic blood samples in either fasted 

state or fed state.  Post hoc analysis was performed by LSD comparisons where 

significant differences were found.  GraphPad PRISM (version 5.0, GraphPad Software 

Inc.) was used to graph the results.  Data are shown as the mean ± SEM. Statistical 

significance was considered when p<0.05.   
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3. Result 

Body, fat pad weight and food intake 

 Animal characteristics are shown in Table 3.  The final body weight in the HFD 

group was ~40g (9.8%) higher than the control diet group (p<0.05).  Similarly, the body 

weight change was also significant higher in the HFD group compared to the control diet 

group.  Fat pads were dissected and weighted; total fat pad weight was the sum of 

epididymal and retroperitoneal fat pads.  Animals in HFD group also had significantly 

bigger fat pad compared to the control group.  Food intake by weight in HFD group was 

markedly lower than the control diet group, but the actual calories intake was higher in 

the HFD group compared to the control animals because the energy density of HFD was 

higher (p<0.05).   

 

Total serum TG and NEFA concentrations 

Total serum concentrations of TG and NEFA are shown in Figure 2.  Total serum 

TG level was significantly lower in the HFD fed group compared to the control diet 

under both fasted and fed states.  Moreover, total TG level was significantly higher in the 

portal serum compared to systemic serum in the fed state, but no difference was found in 

the fasted state.  This finding was not surprising since the absorbed lipids drain into liver 

through portal vein under fed state.  In the fasted state, no significant difference was 

found between the diets and the serum sources of total NEFA level.  However, HFD 

group had markedly higher total NEFA concentration compared to the control diet in the 

fed state, indicating that the ability of suppressing lipolysis during a fed state was likely 
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impaired in the HFD fed animals.  Furthermore, their total NEFA level in the portal 

serum was significantly higher than systemic serum. 

 

Fatty acid profile in TG and NEFA fraction 

Complete serum fatty acid profile in percent fatty acid of TG is shown in Table 4.  

The table includes data in both systemic and portal serum under fasted and fed states in 

control and HFD groups.  The predominant fatty acids in the TG fractions (oleic acid, 

palmitic acid, and linoleic acid) and some other fatty acids with known physiological 

functions were graphed and discussed in the following figures.  Complete serum fatty 

acid profile in percent fatty acid of NEFA fraction is shown in Table 5.  The dominant 

fatty acids in NEFA fraction include oleic acid, stearic acid, palmitic acid, and linoleic 

acid. 

 

Proportion of SFA, MUFA and PUFA in TG fraction of systemic serum 

Total SFA, MUFA and PUFA have been calculated to evaluate the changes of 

fatty acid composition.  The fatty acid composition of TG in the systemic serum is shown 

in Figure 3.  Control diet fed animals sacrificed under fasted state had 54% of MUFA, 

23% of PUFA and 23% of SFA of total fatty acids in their systemic serum samples 

Whereas systemic serum of HFD group had 32% of MUFA, 48% PUFA and 21% SFA in 

total fatty acids (Fig. 3A).  HFD apparently shifted the dominant fatty acids from MUFA 

to PUFA in the systemic serum samples after three weeks of HFD feeding.  Seventy-two 

percent of the serum PUFA in HFD group came from linoleic acid, 15% were composed 
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by arachidonic acid.  The majority of the TG in the serum comes from liver in the fasted 

state, indicating that the liver was synthesizing and releasing more n-6 PUFA than 

MUFA.   

In the fed state, control group had 51% of MUFA, 19% of PUFA and 30% of SFA 

of the total fatty acids in their systemic serum.  Whereas HFD group had 42% MUFA, 

36% PUFA and 22% SFA in the TG fraction of their systemic serum (Fig. 3B).  It 

appeared that a similar shift from MUFA in the control group to more PUFA in the HFD 

group also occurred in the fed state, however, the shifting was not as dramatic as what we 

have seen in the fasted state.  This might due to the fact that serum TG fraction reflects 

the fatty acid composition of dietary fat in the fed state, and the amount of oleic acid in 

the HFD led to a MUFA dominant profile.  

 

Proportion of SFA, MUFA and PUFA in TG fraction of portal serum 

Figure 4 shows the fatty acid composition in the portal serum.  Similar with what 

we saw in the systemic serum, the control diet fed animals displayed a fatty acid profile 

with 53% of the total fatty acids MUFA, 18% PUFA and 29% SFA in the portal serum 

under fasted state.  HFD also shifted the predominant fatty acids to PUFA in the portal 

serum under fasted state that composed by 32% of MUFA, 39% of PUFA and 29% of 

SFA in the total fatty acids (Fig. 4A).   

In the fed state, the majority of fatty acids in the control diet fed animals were still 

MUFA (42% of total fatty acid), PUFA accounted for 22% of the total fatty acid, and 

36% were SFA.  HFD fed animals had 42% MUFA of total fatty acid, 34% of PUFA and 
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24% of SFA in their portal serum (Fig. 4B).  The overall profile in the portal serum was 

very similar with systemic serum; the HFD had similar degree of shifting from MUFA to 

PUFA in both portal serum and systemic serum.  The proportion of SFA in the fasted 

state did not change between control diet and HFD in both serum sources.  In the fed state, 

however, HFD group tended to have less proportion of SFA and higher PUFA compared 

to control diet.  

 

Proportion of SFA, MUFA and PUFA in NEFA fraction of systemic serum 

Compared to serum TG fraction, systemic serum NEFA fractions between groups 

showed distinctly different fatty acid profiles (Figure 5).  In the fasted state, the 

dominant fatty acids were SFA (45% of total fatty acids), followed by MUFA (32%), and 

then PUFA (23%) in the systemic serum of animals fed with control diet.  The majority 

of the fatty acids in the SFA were stearic acid (50%) and palmitic acid (40%).  In the 

systemic serum of animals fed with HFD, SFA was still the dominant fatty acids that 

represented 47% of the total fatty acids.  However, there were more PUFA (31% of total 

fatty acids) in the HFD group compared to the control group.  MUFA only accounted for 

22% of the total NEFA in the systemic serum of the animals fed with HFD under fasted 

state (Fig. 5A).  This finding suggested that a similar shift from MUFA to PUFA with 

HFD feeding still existed in the NEFA fraction of systemic serum samples.  

 In the fed state, 61% of the total fatty acids were SFA in the NEFA fraction of 

systemic serum; 21% were MUFA; 18% were PUFA in the control diet fed animals.  

Whereas in the rats fed with HFD, 45% of the total fatty acids in the NEFA fraction of 
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systemic serum were SFA, 25% were MUFA, and 30% were PUFA (Fig. 5B).  The 

proportion of PUFA in both fasted and fed states seemed to increase with HFD feeding.   

 

Proportion of SFA, MUFA and PUFA in NEFA fraction of portal serum 

The pattern of fatty acids composition in the NEFA fraction of portal serum, as 

shown in Figure 6, was similar with what we have seen in the systemic serum.  In the 

control diet fed group, the predominant fatty acids in the NEFA fraction of portal serum 

were still SFA, represented 53% of the total fatty acids in the fasted state; 32% of the 

total fatty acids were MUFA; 15% were PUFA.  In the HFD group, 50% of the total fatty 

acids in the portal serum were SFA, 26% were MUFA, and 24% were PUFA under fasted 

state (Fig. 6A).  The percentage of MUFA decreased in the HFD group and shifted to 

PUFA compared to control diet group.   

In the fed state, 59% of the total fatty acids in the NEFA fraction of portal serum 

were SFA, 24% were MUFA, and the rest 17% were PUFA in the control diet group (Fig. 

6C).  In the HFD fed rats, 48% of the total fatty acids were SFA, 27% were MUFA, and 

25% were PUFA in the NEFA fraction of their portal serum under fed state (Fig. 6B).   

 

Palmitic acid (C16:0) in the serum 

Percent palmitic acid in the TG fraction is shown in Figure 7A.  There was a diet 

effect showed that the HFD group had significantly lower palmitic acid in the TG fraction 

under both fasted and fed states.  Additionally, portal serum had markedly higher 

palmitic acid under both fasted and fed states.  An interaction between diet interventions 



 

21 

and serum sources was been observed in the fed state.  The increased palmitic acid in the 

control diet might indicate an increase de novo lipogenesis from carbohydrates.  

Figure 7B showed the percent palmitic acid in the NEFA fraction.   Similar with 

TG fraction, HFD group had significantly lower palmitic acid in the NEFA fraction in 

both fasted and fed state.  The portal serum had higher palmitic acid under fasted state; 

no serum source effect has been found in the fed state.    

 

Palmitoleic acid (C16:1) in the serum 

Percent palmitoleic acid in the TG fraction is shown in Figure 8.  The HFD fed 

animals had significantly lower palmitoleic acid in their serum under both fasted and fed 

states.  Portal serum had higher percentage of palmitoleic acid compared to the systemic 

serum samples in the fasted state.  Interactions between diet intervention and serum 

source has been found in both fasted and fed states.  No palmitoleic acid was detected in 

the NEFA fraction of systemic and portal serum.  

 

Stearic acid (C18:0) in the serum 

 Figure 9A showed the percentage of stearic acid in the TG fraction.  The HFD 

group had markedly higher percent stearic acid in both fasted and fed states.  The percent 

of stearic acid did not differ between serum sources.   

 Percent stearic acid in the NEFA fraction is shown in the Figure 9B.  No diet 

effect was found in either fasted or fed state.  However, portal serum had lower stearic 

acid in the NEFA fraction in fasted state.  
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Oleic acid (C18:1, n-9) in the serum 

Percent oleic acid in the TG fraction is shown in Figure 10A.  The HFD group 

had lower oleic acid in the TG fraction in the fasted state, but higher in the fed state.  

There was an interaction between diet interventions and serum sources in the fed state.   

Figure 10B showed the percentage of oleic acid in the NEFA fraction.  No 

difference between diet interventions or serum types was found in the fasted state.  In the 

fed state, HFD group had higher oleic acid in the NEFA fraction compared to the control 

diet group.    

 

Linoleic acid (C18:2, n-6) in the serum 

 Figure 11A shows the percent linoleic acid in the TG fraction.  The percentages 

of linoleic acid in the serum of HFD fed animals were significantly higher compared to 

the control diet group in both fasted and fed state.  Portal serum had higher linoleic acid 

than systemic serum in the fed state.  

 The percent linoleic acid in the NEFA fraction (Figure 11B) was higher in the 

HFD group in both fasted and fed states compared to control diet fed animals.  No 

difference between two serum sources was found.   

 

Arachidonic acid (C20:4, n-6) in the serum 

 Significantly higher percent of arachidonic acid in the total fatty acids have been 

found in the HFD fed animals compared to control diet group in both fasted and fed states 
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(Figure 12A).  Portal serum has lower percentage of arachidonic acid compared to 

systemic serum in the fasted state.   

 The percent of arachidonic acid in the portal serum was lower than systemic 

serum in the NEFA fraction under both fasted and fed states (Figure 12B).  No diet effect 

was found in the percent of arachidonic acid in the NEFA fraction.   

 

Liver TG, DG and PL 

 In the fasted state, total liver TG level was higher in the HFD group compared to 

the control diet fed animals (Figure 13A).  In contrast, total liver TG level did not differ 

between diet groups under fed state.  However, liver TG was higher in the fed state 

compared to the fasted state.  Diet interventions did not change the level of total DG in 

the liver, but the total liver DG in the fed state was higher than the fasted state (Figure 

13B).  Total PL concentration in the liver did not differ between diet groups or fasting 

status (Figure 13C).  

 

Fatty acid profile in the liver TG fraction 

Table 6 shows the fatty acid profile in the liver TG fraction.  In both fasted and 

fed states, HFD groups had lower percent plamitic acid and palmitoleic acid than control 

diet groups.  Additionally, palmitoleic acid was ~10 times lower in the HFD group.  HFD 

also lowered the percent oleic acid in the liver TG under fasted state.  In contrast, HFD 

fed animals had significantly higher stearic acid, linoleic acid, and arachidonic acid in the 

liver TG under both fasted and fed states.  Moreover, linoleic acid was 3-fold and 6-fold 
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higher in the HFD group under fasted state and fed state, respectively.  Arachidonic acid 

also elevated in similar degree in the HFD group compared to control diet fed animals.  

 

Fatty acid profile in the liver DG fraction 

Fatty acid profile in the liver DG fraction is shown in Table 7.  The percent of 

palmitic acid, palmitoleic acid and vaccenic acid were lower in the HFD group under 

both fasted and fed states.  Oleic acid was 30% lower in the HFD under fasted state but 

not fed state.  On the other hand, stearic acid in the liver DG was approximately 2-fold 

higher in the HFD group compared to control diet under both fasted and fed state.  

Linoleic acid in liver DG fraction was three times higher in the HFD group in the fasted 

state, and four times higher in the fed state.  Arachidonic acid in liver DG was about 2-

fold higher in the HFD group than control diet group in both fasted and fed states.   

 

Fatty acid profile in the liver PL fraction 

In the fasted state, the percentage of palmitic acid in the liver PL fraction did not 

differ between control diet and HFD group; it was ~20% lower in the HFD group under 

fed state (Table 8).  There was however a dramatic (~88%) decrease in the percent 

palmitoleic acid in the liver PL fraction in the HFD under both fasted and fed states 

compared to control diet.  Similarly, the percent stearic acid was increased in the HFD 

groups but both oleic acid and vaccenic acid were decreased.  The percentage of linoleic 

acid and arachidonic acid in the liver PL fraction did not change between control and 

HFD.  
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SCD1 indices in the serum and liver 

Previous studies have reported that liver SCD1 mRNA expression is positively 

correlated with SCD1 desaturase indices in the liver and the plasma triglyceride fractions, 

and the elevated SCD-18 index (C18:1/C18:0) is associated with increased plasma TG 

levels (37-39).  SCD1 desaturase indices are a good biomarker for actual enzyme activity 

and  has also been proposed as a good clinical indicator of SCD1 gene expression.  Hence, 

we here calculated the SCD1 indices to represent the SCD1 activity indirectly.  The SCD-

16 (C16:1/C16:0) and SCD-18 indices  were decreased in the liver TG, DG, and PL 

fractions as well as fasting systemic serum TG (Figure 14).  SCD16 in the systemic 

serum NEFA fraction was not calculable because C16:1 was not detectable in most of our 

samples.  SCD18 in fasting systemic serum NEFA fraction did not change with HFD 

feeding.   
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 Control diet HFD 

Terminal body weight (g) 440.1 ± 8.9 479 ± 8.7* 

Body weight change (g) 126.8 ± 10.6 141.9 ± 14.1* 

Fat pad weight (g) 18.4 ± 0.7 25.6 ± 1.0* 

Food intake (g/day) 25.4 ± 0.6 21.4 ± 0.7* 

Energy intake (kcal/day) 97.7 ± 2.1 111.9 ± 3.7* 

Table 3.  Animal Characteristics.  Data are shown as mean ± SEM, n=17. Fat pad 

weight was the sum of epididymal and retroperitoneal fat pads.  *indicated statistically 

significant difference (p<0.05) in the HFD group compare to the control diet group.  
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Figure 2. Total serum TG and NEFA concentrations.  Data are shown as mean ± 

SEM, n=5-10 per group.  * denoted diet effect (control vs. HFD); + denoted serum source 

effect (systemic vs. portal) within the diet group; $ denoted interaction, p<0.05. 
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Fatty acids in the serum TG (%) 

Control Diet HFD 

 
Systemic Portal Systemic Portal 

 
Fasted Fed Fasted Fed Fasted Fed Fasted Fed 

14:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16:0 17.4 26.3 27.0 31.6 12.5 15.5 21.6 15.6 
16:1 5.7 6.8 10.7 7.9 0.5 0.7 1.1 0.3 
18:0 2.6 3.3 2.0 4.4 8.1 7.9 7.3 7.9 
18:1n9 39.7 35.0 34.1 28.0 28.4 38.4 28.5 39.2 
18:1n7 8.6 9.2 7.7 6.1 2.2 2.8 2.1 2.9 
18:2n6 15.9 15.7 14.3 19.4 29.6 26.5 28.3 27.9 
18:3n6 0.9 1.5 0.0 0.8 1.2 1.4 0.0 0.0 
18:3n3 0.2 0.0 0.0 0.0 0.3 0.0 0.7 0.0 
20:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:1 0.6 0.5 0.3 0.0 0.5 0.8 0.3 0.0 
20:2n6 0.8 0.3 0.3 0.0 1.0 0.9 0.2 0.0 
20:3n6 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 
20:4n6 3.3 0.7 2.0 1.0 7.9 3.3 5.9 3.9 
20:3n3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:5n3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:1n9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:2n6 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 
23:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:4n6 1.3 0.2 0.7 0.2 3.4 0.7 2.1 1.0 
24:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:5n3 1.1 0.6 0.9 0.7 0.9 1.0 1.5 1.3 
22:6n3 2.0 0.0 0.0 0.0 3.2 0.0 0.5 0.0 
24:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Table 4.  Circulating systemic and portal serum fatty acid profiles of triglyceride in 

control and HFD group under both fasted and fed states. Data are shown as mean, 

n=5-10 per group.  Statistic differences were denoted in the graphs below.   
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Fatty acids in the serum NEFA (%) 

Control Diet HFD 

 
Systemic Portal Systemic Portal 

 
Fasted Fed Fasted Fed Fasted Fed Fasted Fed 

14:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16:0 18.7 25.8 34.0 19.8 15.1 14.4 25.8 16.1 
16:1 0.7 0.0 4.8 0.0 0.0 0.0 1.0 0.0 
18:0 22.4 33.9 17.2 36.4 27.6 29.5 22.0 30.8 
18:1n9 24.4 16.7 19.8 17.6 20.3 23.4 22.4 26.2 
18:1n7 5.3 2.8 4.2 3.6 1.2 1.5 2.0 0.9 
18:2n6 10.5 8.3 9.5 10.8 15.8 17.9 17.5 19.5 
18:3n6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18:3n3 0.7 0.0 0.0 0.8 0.2 0.0 0.0 0.0 
20:0 0.0 0.0 0.5 0.0 1.6 0.0 0.0 0.0 
20:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:2n6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:3n6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:4n6 8.1 6.3 3.8 5.1 8.8 8.4 5.0 5.0 
20:3n3 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 
20:5n3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:0 3.5 0.6 1.9 2.8 2.9 0.8 2.1 1.5 
22:1n9 1.4 1.8 2.4 2.9 0.0 0.2 0.3 0.0 
22:2n6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
23:0 0.0 0.2 0.0 0.0 0.0 0.2 0.0 0.0 
22:4n6 0.0 2.9 0.0 0.0 1.7 1.8 0.0 0.0 
24:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:5n3 4.2 0.7 1.7 0.2 4.6 2.1 1.9 0.0 
22:6n3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Table 5.  Circulating systemic and portal serum fatty acid profiles of triglyceride in 

control and HFD group under both fasted and fed states.  Data are shown as mean, 

n=5-10 per group.  Statistic differences were denoted in the graphs below.   
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Figure 3. Fatty acid composition of systemic serum in TG fraction under (A) fasted 

and (B) fed state in animals fed with control diet or HFD groups.  Data are shown as 

mean ± SEM, n=5-10 per group.  Means with different subscripts within each diet group 

differ by p<0.05.  
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Figure 4.  Fatty acid composition of portal serum in TG fraction under (A) fasted 

and (B) fed state in animals fed with control diet or HFD groups.  Data are shown as 

mean ± SEM, n=5-10 per group.  Means with different subscripts within each diet group 

differ by p<0.05.  
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Figure 5.  Fatty acid composition of systemic serum in NEFA fraction under both (A) 

fasted and (B) fed state in animals fed with control diet or HFD groups.  Data are 

shown as mean ± SEM, n=5-10 per group.  Means with different subscripts within each 

diet group differ by p<0.05. 
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Figure 6.  Fatty acid composition of portal serum in NEFA fraction under (A) fasted 

and (B) fed state in animals fed with control diet or HFD groups.  Data are shown as 

mean ± SEM, n=5-10 per group.  Means with different subscripts within each diet group 

differ by p<0.05.  
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Figure 7.  Percent palmitic acid in A) TG and B) NEFA fraction in systemic and 

portal serum under fasted and fed state.  Data are shown as mean ± SEM, n=5-10 per 

group.  *denotes diet effect (control versus HFD), +denotes serum source effect (systemic 

versus portal serum) within the diet group, $denotes interaction, p<0.05 
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Figure 8.  Percent palmitoleic acid in TG fraction in systemic and portal serum 

under fasted and fed state.  Data are shown as mean ± SEM, n=5-10 per group.  

*denotes diet effect (control versus HFD), +denotes serum source effect (systemic versus 

portal serum), $denotes interactions, p<0.05 
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Figure 9.  Percent stearic acid in A) TG and B) NEFA fraction in systemic and 

portal serum under fasted and fed state.  Data are shown as mean ± SEM, n=5-10 per 

group.  *denotes diet effect (control versus HFD), +denotes serum source effect (systemic 

versus portal serum), p<0.05  
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Figure 10.  Percent linoleic acid in A) TG and B) NEFA fraction in systemic and 

portal serum under fasted and fed state.  Data are shown as mean ± SEM, n=5-10 per 

group.  *denotes diet effect (control versus HFD), +denotes serum source effect (systemic 

versus portal serum), $denotes interactions, p<0.05 
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Figure 11.  Percent linoleic acid in A) TG and B) NEFA fraction in systemic and 

portal serum under fasted and fed state.  Data are shown as mean ± SEM, n=5-10 per 

group.  *denotes diet effect (control versus HFD), +denotes serum source effect (systemic 

versus portal serum), p<0.05 

TG- Linoleic acid (C18:2n-6)

Control HFD Control HFD
0

10

20

30

40

Systemic
Portal

Fasted state Fed state

+

* *

TG
  C

18
:2

, n
-6

 (%
)

NEFA- Linoleic acid (C18:2, n-6)

Control HFD Control HFD
0

5

10

15

20

25

Fasted state Fed state

Systemic
Portal

* *

N
E

FA
  C

18
:2

, n
-6

 (%
)

A.

B.



 

39 

 

 

Figure 12. Percent arachidonic acid in A) TG and B) NEFA fraction in systemic and 

portal serum under fasted and fed state.  Data are shown as mean ± SEM, n=5-10 per 

group. *denotes diet effect (control versus HFD), +denotes serum source effect (systemic 

versus portal serum), p<0.05  
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Figure 13.  Total liver A) TG, B) DG and C) PL concentrations.  Data are shown as 

mean ± SEM, n=4 per group.  * denotes diet effect (control vs. HFD) within the state ; + 

denoted states differences (fasted vs. fed), p<0.05  
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Fatty acids in the liver TG (%) 
 Fasted State Fed State 

  Control Diet        HFD Control Diet         HFD 
14:0 0.7 ± 0.1 0.2  ± 0.0 1.7 ± 0.1 0.5 ± 0.0 
14:1 0.1 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 
16:0 29.3 ± 1.2 25.0 ± 0.3* 40.6 ± 2.2 29.7 ± 2.6* 
16:1 10.7 ± 1.0 0.6 ± 0.1* 12.0 ± 0.4 1.4 ± 0.3* 
18:0 1.6 ± 0.1 3.7 ± 0.1* 2.0 ± 0.1 3.8 ± 0.4* 
18:1n9 39.7 ± 0.9 27.4 ± 0.7* 32.2 ± 0.5 32.0 ± 3.3 
18:1n7 7.4 ± 0.3 1.8 ± 0.0* 6.7 ± 0.6 3.7 ± 0.4 
18:2n6 9.4 ± 1.4 33.7 ± 0.2* 4.4 ±1.0 24.4 ± 3.2* 
18:3n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
18:3n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:2n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:3n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:4n6 0.5 ± 0.1 3.9 ± 0.7* 0.1 ± 0.1 2.9 ± 0.2* 
20:3n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:5n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:1n9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:2n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
23:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:4n6 0.2 ± 0.0 1.3 ± 0.2* 0.1 ± 0.1 0.7 ± 0.1 
24:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:5n3 0.3 ± 0.1 2.3 ± 0.3* 0.0 ± 0.0 0.9 ± 0.1* 
22:6n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
24:1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Sum 100.0 100.0 100.0 100.0 

Table 6.  Fatty acid profiles in the liver triglyceride in control and HFD group under 

both fasted and fed states.  Data are shown as mean ± SEM, n=4 per group.  The 

symbol *indicated a significant difference between control diet and HFD within the 

fasted state or fed state, p<0.05    



 

42 

Fatty acids in the liver DG (%) 
 Fasted State Fed State 

  Control Diet        HFD Control Diet         HFD 
14:0 0.0 ± 0.0 0.0  ± 0.0 1.2 ± 0.2 0.4 ± 0.0* 
14:1 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0  ± 0.0 
16:0 25.5 ± 2.2 17.6 ± 0.7* 42.0 ± 2.9 26.8 ± 1.1* 
16:1 8.5 ± 1.7 0.9 ± 0.2* 9.5 ± 0.2 1.0 ± 0.2* 
18:0 4.4 ± 0.6 8.5 ± 0.3* 3.7 ± 0.4 7.9 ± 0.3* 
18:1n9 36.2 ± 0.6 24.1 ± 0.9* 28.7 ± 0.9 29.4 ± 0.6 
18:1n7 7.0 ± 0.3 2.5 ± 0.2* 5.6 ± 0.6 2.7 ± 0.3* 
18:2n6 11.3 ± 1.2 32.4 ± 0.8* 5.6 ± 1.0 22.3 ± 1.6* 
18:3n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
18:3n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:2n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:3n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:4n6 5.3 ± 1.0 8.6 ± 0.6* 3.0 ± 0.5 7.4 ± 0.5* 
20:3n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:5n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:1n9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:2n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
23:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:4n6 0.0 ± 0.0 1.5 ± 0.2* 0.1 ± 0.0 0.3 ± 0.2* 
24:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:5n3 1.8 ± 0.4 3.7 ± 0.3* 0.4 ± 0.2 1.9 ± 1.1* 
22:6n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
24:1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Sum 100.0 100.0 100.0 100.0 

Table 7.  Fatty acid profiles in the liver diglyceride in control and HFD group under 

both fasted and fed states.  Data are shown as mean ± SEM, n=4 per group.  *indicated 

a significant difference between control diet and HFD within the fasted state or fed state, 

p<0.05.    
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Fatty acids in the liver PL (%) 
 Fasted State Fed State 

  Control Diet        HFD Control Diet         HFD 
14:0 0.0 ± 0.0 0.0  ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
14:1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
16:0 19.1 ± 0.4 16.8 ± 2.0 21.7 ± 0.9 17.6 ± 1.4* 
16:1 2.4 ± 0.3 0.3 ± 0.1* 2.3 ± 0.1 0.3 ± 0.0* 
18:0 17.6 ± 2.5 31.3 ± 0.6* 23.9 ± 1.5 30.3 ± 1.3* 
18:1n9 6.1 ± 0.6 3.4 ± 0.2* 5.0 ± 0.2 3.6 ± 0.4* 
18:1n7 6.7 ± 0.7 1.2 ± 0.1* 5.0 ± 0.7 1.7 ± 0.1* 
18:2n6 11.3 ± 0.6 10.9 ± 0.7 9.2 ± 0.8 9.3 ± 1.5 
18:3n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
18:3n3 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:1 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:2n6 0.5 ± 0.1 0.4 ± 0.1 0.3 ± 0.0 0.6 ± 0.1* 
20:3n6 2.0 ± 0.3 0.7 ± 0.1* 1.7 ± 0.2 0.8 ± 0.1* 
20:4n6 25.6 ± 1.3 24.9 ± 4.4 20.8 ± 2.1 26.2 ± 3.3 
20:3n3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
20:5n3 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 0.0 ± 0.0 
22:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:1n9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:2n6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
23:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:4n6 0.6 ± 0.1 0.6 ± 0.1 0.4 ± 0.0 0.6 ± 0.1 
24:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
22:5n3 0.9 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.2 
22:6n3 7.1 ± 0.7 8.9 ± 1.0 8.8 ± 0.9 8.4 ± 1.2 
24:1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Sum 100.0 100.0 100.0 100.0 

Table 8.  Fatty acid profiles in the liver phospholipid in control and HFD group 

under both fasted and fed states.  Data are shown as mean ± SEM, n=4 per group.  

*indicated a significant difference between control diet and HFD within the fasted state 

or fed state, p<0.05.   
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Figure 14.  SCD16 and SCD18 indices in A, B) fasting systemic serum and C, D) 

liver.  Data are shown as mean ± SEM, n=4 per group.  * indicated a significant 

difference in the HFD group compared to control diet group, p<0.05 
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4. Discussion 

Current study found that 3 weeks of HFD feeding shifted the dominant fatty acids 

of serum TG fraction from MUFA in the control diet group to n-6 PUFA in the obesity-

prone rats.  Linoleic acid and arachidonic acid account for the elevation of the n-6 PUFA 

in the serum of HFD fed animals, suggesting an increased inflammatory status.  

Moreover, similar shift after occurred in the serum NEFA fraction.  Unexpectedly, total 

serum TG was significantly lower in the HFD group compared to control group under 

both fasted and fed groups; however, the higher liver TG in the HFD group might explain 

the lower serum TG observation.  The total NEFA level did not change with the HFD 

feeding under fasted state, yet it increased under fed state in both systemic and portal 

serum, suggesting impaired ability of suppressing lipolysis.   

 

60% HFD vs. fatty acids intake in the US population 

The 60% HFD used in the current study was comprised of 31% SFA, 37% MUFA 

and 32% PUFA (% fat by weight).  The US Population, according to the data from the 

National Health and Nutrition Examination Survey (NHANES), 1999-2000, consumes 

approximately 37% of the total fat from SFA, 41% from MUFA, and 22% from PUFA 

(40).  Compared to the human consumption data, the HFD used in the present study has 

slightly lower SFA and MUFA, but higher PUFA.  The same study also estimated the 

fatty acid species in the dietary fat intake of the US population.  Most of the fatty acids 

profiles were comparable in the HFD used in current study with the human dietary 

consumptions (palmitic acid: 20.3% vs. 21.4%; stearic acid: 10.9% vs. 9.8%; linolenic 
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acid: 2.1% vs. 2.0%; arachidonic acid: 0.3% vs. 0.2%), whereas oleic acid was higher in 

the estimated human consumption (40.2%) compared to the 35.2% in the rodent HFD.  

Moreover, the HFD used in the current study has higher proportion of linoleic acid 

(29.7%) compared to the estimated dietary human consumption (20.7%).  Overall, the 

NHANES 1999-2000 data suggested that the HFD current study chose to use had 

somewhat comparable fatty acid profiles with slightly higher linoleic acid and lower oleic 

acid. 

 

Body weight and fat pad weight 

In present study, the change of body weight in HFD group was slightly (~15g) but 

significantly higher than control group.  HFD group had expending fat pads compared to 

control diet fed OP rats.  Compare to a longer term HFD intervention study using the 

same diets, the body weight and fat pad weight of the animals in the current study 

differed in a lower degree between control diet and HFD groups.  This suggested that the 

changes of fatty acid level and profile with 3 weeks HFD feeding might attribute to more 

of a diet effect instead of causing by diseases.    

 

Triglycerides 

 It is well established that obesity is positively correlated with 

hypertriglyceridemia (5); therefore it was surprising that the total serum TG of the HFD 

fed animals in the present study was lower than the control diet group.  Because the size 

of the fat pads were not expended to maximum after 3 weeks of HFD feeding, we 
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believed that we caught a moment that these animals were trying to oxidize and store all 

the excess dietary fat.  Previous study has shown that OP rats have the phenotype that 

tends to store fat into adipose tissue instead of oxidizing them in the skeletal muscle (41).  

The larger fat pad and 2-fold higher TG content under fasted state in the liver of HFD 

group support our speculation.  

 

Non-esterified fatty acid 

 Total serum NEFA level did not change between control diet and HFD in the 

fasted state.  This finding was not consistent with previous studies showing that obese 

subjects had elevated NEFA levels in the serum (5); however, the animals in current study 

received HFD in a relatively shorter period and the obesity might not be severe enough to 

display abnormal NEFA levels under fasted state.  In contrast, there was a diet effect on 

the total serum NEFA level in the fed state.  The serum NEFA level in the postprandial 

state is affected by insulin; therefore the increased serum NEFA level in the HFD here 

indicated HFD fed animals had impaired ability of suppressing lipolysis through insulin.    

 

Actual concentration of each fatty acid or percent of fatty acid? 

 Fatty acid profile data can be interpreted based on the actual concentration of each 

fatty acid and/or the percent of each individual fatty acid species within the total fatty 

acid load.  If the total mass of fatty acids entering liver changed, it could lead to changes 

in lipid metabolism, storage or even down stream inflammatory pathways.  Therefore, the 

bioactive effects from the changes of actual mass of each fatty acid should not be 
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neglected.  However, because purpose in the current study was to make a more 

physiological fatty acid mixture to treat the cells, the proportion of each fatty acid in total 

fatty acid was the more appropriate way to report our data.  

 

Palmitic acid, stearic acid and palmitoleic acid  

 The percent of palmitic acid was decreased in liver TG, liver DG, serum TG and 

serum NEFA with HFD feeding when the proportion of palmitic acid in the diet was 

increased, indicating that palmitic acid might have been elongated into stearic acid 

through Elovl6 or desaturated into palmitoleic acid through SCD-1 (Figure 16).  

However, the palmitoleic acid significantly decreased in the liver TG as well as serum 

TG in the current study, meanwhile there was an approximately 3-fold increased of 

stearic acid in the serum TG, indicating that the majority of palmitic acid might become 

stearic acid through elongation.   
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Figure 15.   Pathways for hepatic fatty acid synthesis (FASN).  Adapted from a recent 

review published by Jump et al. (42). (a) The pathway describes the conversion of dietary 

glucose to palmitic acid by de novo lipogenesis using acetyl CoA carboxylase (ACC)-1 

and fatty acid synthase. Palmitic acid is a product of de novo lipogenesis but is also 

derived from the diet.  Palmitic acid is subsequently elongated [fatty acid elongase 

(Elov)l5 and Elovl6] and desaturated [SCD] to form C16−18 saturated and 

monounsaturated (n7 and n9) fatty acids. (b) The essential fatty acids, linoleic acid and α-

linolenic acid (C18:3n3), are derived from the diet. These fatty acids are desaturated 

[fatty acid desaturases (FADS)1 and FADS2] and elongated (Elovl2 and Elovl5) to form 

the major C20−22 PUFAs appearing in cells, i.e., arachidonic acid (ARA; 20:4, n6) and 

docosahexaenoic acid (DHA; 22:6, ω3).  
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SCD1 indices 

The enzyme SCD1, predominantly expressed in the liver, converts dietary or de 

novo lipogenesis saturated fatty acids (C16:0 and C18:0) into MUFA (C16:1 and C18:1) 

which could be incorporated into phospholipids, triglycerides and cholesterol esters.  

Numerous studies have suggested that SCD-1 indices have been found to correlate 

positively with obesity and the development of metabolic syndrome (43, 44).  Moreover, 

high SCD-1 activity is associated with decreased fat oxidation and increased fatty acid 

synthesis (45, 46).  Hence, we were surprised to find that both of the SCD-1 indices, SCD-

16 (C16:1/C16:0) and SCD-18 (C18:1/C18:0), in the serum and liver samples of current 

study were all decreased in the HFD group.   

Studies have shown that SCD-1 activity has a positive correlation with serum 

triglyceride level which makes it a good indicator of hypertriglyceridemia (39).  It is 

possible that the decreased SCD-1 indices that the current study found was associated 

with the lower serum triglyceride level in the HFD fed animals.  Additionally, a previous 

study has shown that a 3-day higher carbohydrate and lower fat diet (75%kcal 

carbohydrate, 10%kcal fat) feeding increased the SCD-16 index in the VLDL 

triglycerides in human subjects compared to a diet with 40%kcal fat and 45%kcal 

carbohydrate (47).  The control diet that has been used in the present study used has 

70%kcal carbohydrates, which might be part of the reason that SCD-1 indices were 

higher in the control diet group than the HFD fed animals.  Furthermore, a recent study 

conducted by Li et al. (48) suggested that the elevated SFA caused by decreased SCD-1 

activity in the liver resulting in ongoing hepatocellular apoptosis and liver damage that 
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develops steatohepatitis and fibrosis, whereas increased SCD-1 activity in the liver 

actually partitioned excess SFA into MUFA that can be safely stored and leads to hepatic 

steatosis.  Their finding suggested that low SCD-1 activity had higher lipotoxicity to 

hepatocytes compared to high SCD-1 activity, which might explain our finding in the 

current study.  A recent study also showed that diets rich in MUFA led to decreased 

SCD-1 indices in the plasma and muscle of healthy human subjects (49).   

It has been shown that dietary oleic acid, an end product of SCD1 enzyme, 

increased SCD1 mRNA expression in the liver and primary hepatocytes of liver (50).  In 

contrast, in vivo and in vitro studies have shown that linoleic acid and arachidonic acid 

reduced SCD1 activity (50-52).  Linoleic acid and arachidonic acid are far more potent in 

down-regulating the expression of hepatic SCD1 than oleic acid (50).  The HFD used in 

the study has higher linoleic acid levels (73.1g/kg diet vs. 18.3 g/kg diet) and arachidonic 

acid (0.7g/kg diet vs. 0.1g/kg diet) compared to control diet.   Moreover, the actual 

concentration of linoleic acid in the liver TG fraction was significant higher in the fasted 

HFD group compared to the control diet group (8569.5±1010.7ng/mg liver vs. 

1251.2±139.5ng/mg liver).  The increased amount of linoleic acid and arachidonic acid in 

the diet might contribute to the reduced SCD1 desaturase indices.   

Despite the nice correlation of SCD1 mRNA gene expression and the SCD1 

desaturase indices, Choi et al. (53) reported that SCD1 enzyme activity might be inhibited 

while SCD1 mRNA gene expression is not, i.e. SCD1 activity could be regulated by 

posttranslational mechanisms.  These data suggest that actual SCD1 enzyme activity 

should be measured in order to correctly interpret impact of a HFD on SCD1 activity.  
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MUFA and PUFA 

In the current study, HFD altered serum fatty acid composition from one where 

MUFAs predominant to PUFAs in rats.  The majority of the PUFA were n-6 PUFA, 

including linoleic acid and arachidonic acid.  The HFD used in the present study was a 

MUFA predominant diet that had 31.2% SFA, 36.6% MUFA, and 32.3% PUFA, 

suggesting that the liver was making more PUFA from MUFA through elongation and 

desaturation.  Based on this finding, the presents of linoleic acid and arachidonic acid 

were necessary for mimicking an in vivo environment.   

It has been shown that 1 and 10µM of linoleic acid has the ability to increase 

adiponectin and resistin secretions from 3T3L1 adipocytes and possible trigger the 

downstream pathways (54).  However, a study conducted by Lee et al. (55) has reported that 

75µM of linoleic acid is unable to induce COX-2 expression through Toll-like receptor 4 

(TLR4) in the RAW 264.7 cells (a murine macrophage-like cell line), suggesting that 

linoleic acid might not induce inflammation through NFκB pathway.  However, n-3 

PUFA has displayed its ability to decrease inflammatory status through inhibition of 

COX-2 expression which mediated by the modulation of TLR-mediated signaling 

pathways (56).  As our best knowledge, the roles of linoleic acid and arachidonic acid on 

affecting lipid metabolism and inflammatory pathways in the liver cells have not yet been 

elucidated.   
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Linoleic acid and arachidonic acid  

Dramatic increases in percent linoleic acid and arachidonic acid in the serum and 

liver of HFD fed animals were found in the current study.  The fact that the there was 

barely any arachidonic acid in the diet suggesting that the majority of the arachidonic 

acid might be converted from linoleic acid.  Arachidonic acid has been suggested as a 

pro-inflammatory fatty acid that plays an important role in regulating inflammation status 

(57).  Arachidonic acid is an important precursor of pro-inflammatory eicosanoids as it is 

the primary substrate for the synthesis of the 4-series leukotrienes (Leukotriene B4, C4, 

E4), the 2-series prostaglandins (prostaglandins E2, prostacyclin I2), and thromboxane 

A2 (58).  The syntheses of these eicosanoids are mediated by cyclooxygenase (COX) and 

5-lipooxygenase and could be reduced by EPA as it serves as a substrate of the same 

enzymes (58).  Besides inducing inflammatory response through eicosanoids, the 

peroxidation of arachidonic acid and linoleic acid form bioactive products that also play a 

role in regulating inflammation (discuss below) (59).  Arachidonic acid is known to be 

associated with Alzheimer’s disease by, at least in part, increasing the inflammation 

status in the brains (60).  

Linoleic acid is an essential fatty acid that usually found abundantly in the diet.  

Linoleic acid is a major precursor of arachidonic acid that can be converted to 

arachidonic acid through detla-6 desaturase (D6D) in vivo.  This conversion mostly 

occurs in liver but also in other tissues.  D6D is the rate-limiting enzyme that catalyzes 

the first reaction of n-6 and n-3 PUFA synthesis that mostly regulates by dietary fat (61).  

Previous studies suggested that diets high in saturated fatty acid, trans fatty acid and 
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linoleic acid are associated with increased D6D activity (62, 63).  In addition, D6D activity 

is upregulated by insulin, growth hormone, inflammatory stimuli, peroxisome 

proliferators, and sterol regulatory element binding protein-1 (SREBP-1) (64-66).  Similar 

to SCD-1, D6D also been found to correlate positively with obesity and insulin resistance 

(43, 44). The increases in the percent linoleic acid in the serum and liver of HFD group 

were most likely due to the increased amount of linoleic acid in the diet, especially the 

changes of fatty acids in the serum TG fraction since it reflects the fatty acid profile in 

the diet (67).  Similar increase of plasma linoleic acid in the TG fraction has also been 

found in the diabetic human subjects (68).  Linoleic acid is a direct precursor to the 

bioactive oxidized linoleic acid metabolites (OXLAMs) that have been mechanistically 

linked to pathological conditions such as cardiovascular disease, pathogenesis of 

atherosclerotic, formation of foam cells, and chronic pain (69).  Additionally, plasma 

OXLAMs has been report to be elevated in the patients with Alzheimer’s dementia and 

non-alcoholic steatohepatitis (NASH) (70, 71).  The increased serum and liver linoleic acid 

found in the current study might potentially increased inflammation and the risks of the 

diseases described above.   
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TG or NEFA? 

Although we analyzed TG and NEFA fractions in the serum of an in vivo model 

in the present study, a potential concern of using in vivo fatty acid profile of TG to treat 

isolated cells exists because TG are not readily taken up by in vitro cells.  However, TG 

account for a huge proportion of lipids expose in the liver that should not be ignored.   

Previous studies have shown that liver has the ability of hydrolyzing TG via lipoprotein 

lipase (72).  These LPL has been speculated to locate in the Kupffer cells in the liver (73).  

Moreover, HFD feeding is known to upregulate the liver LPL activity in mice (74).  

Similarly, morbidly obese patients also have elevated LPL expression (72).  In our opinion, 

creating an appropriate fatty acid mixture to mimic in vivo environment should consider 

fatty acid profiles of both TG and NEFA fractions.   

In conclusion, 3 weeks of HFD alters serum fatty acid composition of TG from 

one where MUFAs predominate to n-6 PUFAs in the obesity-prone rats.  The increased 

linoleic acid and arachidonic acid contributed to the majority of the elevation of n-6 

PUFA, potentially increased inflammation status, lipotoxicity and related diseases such as 

NASH and cardiovascular disease.  A more physiologically relevant fatty acid mixture to 

mimic HFD conditions for in vitro studies may include increased LA and AA relative to 

saturated fatty acids and MUFAs.  

 In the future, we are planning on creating a new fatty acid mixture in the in vitro 

system using palmitic acid, oleic acid, linoleic acid, and arachidonic acid with a 

proportion calculated from the fatty acid profile in the fed state, because fed state 

condition might play a more important role for obese people due to their over-eating 
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pattern.  We are expecting to see a different fatty acid profile in the cells compares with 

the conventional fatty acid mixture, as well as increased inflammation status.    
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Diseases prevention has been a major concern in the modern society due to the 

dramatic increased rate of obesity and metabolic diseases.  Obesity is known to be 

associated with numerous diseases including Type 2 diabetes (T2D), cardiovascular 

disease, stroke, non-alcoholic fatty liver disease (NAFLD), chronic kidney disease and 

certain types of cancer (1).  The high fat contents of westernized diet plays a critical role 

in the progression of obesity—along with sedentary life style, metabolic diseases become 

inevitable.  Hence, high fat diets (HFD) are widely used in basic scientific research for 

inducing obesity and metabolic diseases in animal models.  In vitro culture system has 

also been intensively used in obesity related research to decode the mechanistic questions 

at a molecular level.  When using cell culture systems to study hepatic lipid metabolism, 

scientists often treat hepatocytes with single or dual non-esterified fatty acids to induce 

hepatic insulin resistance through lipid accumulation.  An apparent disconnect existing in 

these methods is the fact that the liver is commonly exposed to multiple fatty acid species 

in vivo as opposed to single fatty acids species.  The following review will discuss the 

current commonly used methods and the disconnect between in vivo and in vitro studies. 

Obesity 

Obesity is defined as excessive accumulation of body fat (2).  Body mass index 

(BMI), calculated as weight in kilogram divided by height in meter squared, is commonly 

used clinically to identified obesity.  BMI is known to be associated with 

morbidity/mortality in a J-shape relationship that both lower end and higher end of BMI 

have higher risks of morbidity/mortality (3).  The classification of health risk according to 

the BMI is shown in Table 1 (2, 4).  
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Table 1.  Health risk classification and comorbidities by body mass index 

Classification BMI (kg/m2) Risk of comorbidities 

Underweight  <18.5 Low (but risk of other clinical 

problems increased) 

Normal range 18.5 – 24.9 Average 

Overweight ≥ 25  

Pre-obese 25.0 – 29.9 Increased 

Obese class I 30.0 – 34.9 High 

Obese class II 35.0 – 39.9 Very high 

Obese class III ≥ 40.0 Extremely high 

 

Current epidemic of obesity 

 The prevalence of obesity in the United States increased in the past decades.  

According to the Centers for Disease Control and Prevention (CDC), more than one-third 

of adults and almost 17% of youth were obese in 2009-2010 (5).  The growing rate of 

obesity is associated with a rise in medical expenditures.  In 2008, the medical costs of 

obesity related diseases were estimated to be approximately $147 billion in the United 

States—twice as much as in 1998 (6).  The phenomenon is not any better in the other 

countries of the world, especially the large emergent economies such as Asia, Southeast 

Asia and Latin America (7).  Although the prevalence rates for overweight and obese 

people differ in each region in the world, the increasing obese population is a global issue.  

Despite the efforts that we have placed upon obesity research over the last many years, 

the obesity trend unfortunately did not decline.  Obesity will continue to impose the 
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major costs on health system in the foreseeable future if the growing epidemic cannot be 

stopped.  

 

Dietary factors associated with obesity  

Three major risk factors contribute to the etiology of obesity including metabolic 

factors, diet, and physical inactivity.  Overconsumption of calories leads to obesity due to 

energy imbalance. The fat content in the diet has been emphasized due to its higher 

energy density and metabolic consequences.  Additionally, the body has limited capacity 

to oxidized dietary fat compared to carbohydrate and protein.  Fat is also more efficient at 

expending fat mass than other macronutrients (8).  Saturated fatty acids (SFAs) content 

has raised the highest interest since it has the ability to induce lipotoxicity and insulin 

resistance compare to most of the unsaturated fatty acids (9).  Besides fat, sucrose has also 

been recognized as a risk factor to obesity as it can induce hepatic lipogenic enzyme 

activity, elevate circulating insulin, lead to impaired glucose clearance and weight gain 

(10).  Westernized diets are commonly high in both lipids and sucrose content and thus are 

believed to play a role in increased obesity rates.  

 

Murine and Rodent Models for Obesity Researches 

 It is apparent that obesity is a critical problem that needs to be solved.  From a 

scientific point of view, animal models are needed to unwrap the secrets behind the 

causes, developments, etiology as well as possible treatments of obesity.  There are 

numerous animal models available for obesity research; choosing an appropriate 
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phenotype is important for researchers.  Most of the animal models that are currently 

used are genetically defect monogenic animals, such as the ob/ob mice, Zucker-(fa/fa) 

fatty rats (ZFR) and Otsuka Long Evans Tokushima Fatty (OLETF) rats.  The ob/ob 

mutation is recessive, and the mutation in the leptin gene is responsible for the ob 

mutation. The ob/ob mice spontaneous developed obesity because they fail to secrete 

leptin, an important protein secreted mostly by adipose tissues that is responsible for 

appetite regulation (1, 11).  Leptin deficiency results in hyperphagia, reduce energy 

expenditure and extreme obesity (12).  ZFR is another well-characterized monogenic 

rodent model that has been used in obesity research since 1961 (13).  Similar with ob/ob 

mice ZFR has an autosomal recessive mutation in the leptin receptor gene that affects 

leptin signaling and leads to obesity (11).  OLETF rodent model lacks of cholecystokinin-1 

receptor expression, which leads to meal feedback defect for satiety that results in 

hyperphagia and obesity (14).  OLETF rats are a valuable model on studying insulin 

resistance, hypertriglyceridemia, obesity, Type 2 diabetes and non-alcoholic fatty liver 

disease (NAFLD) (1, 11). However, OLETF rats develop these metabolic related diseases 

just by over-eating low fat Purina chow diet, and high fat content in the Westernized diet 

is one of the major cause of human obesity as mentioned earlier.  These monogenic 

models provide important information on the general biology of obesity, and have been 

widely used due to the consistent data researchers obtained.   

Despite the advantages of using monogenic animal models, the results obtained 

from these monogenic phenotypes need to be interpreted with care because human 

obesity is known to be a polygenic disease that involved more than a single gene 
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mutation.  Polygenic models of obesity may be able to provide more insights of human 

obesity condition.  Therefore, polygenic animal models have been selectively bred to 

used in obesity research, such as Kuo Kondo (KK) mice and New Zealand Obese (NZO) 

mice.  KK mouse is a polygenic model that developed in Japan with selective inbreeding 

for large body size (15).  This strain displays hyperphagia, hyperinsulinemia, insulin 

resistance and T2D.  NZO strain is also a polygenic mouse model that exhibits T2D only 

in males (16).  NZO mice are hyperphagic but they have normal levels of leptin and leptin 

receptors.  Additionally, NZO mice have decreased exercise activity compared to control 

or even ob/ob mice (17).  Polygenic models may be more suitable to study human obesity, 

but diets do not necessary play a role in the development of obesity in these models. 

Looking at the polygenic nature of human obesity, a diet-induced polygenic obese rodent 

model may also be an appropriate system to study the etiology of human obesity.   

Different animal strains respond differently with HFD feeding.  Some strains 

develop obesity but not diabetes with HFD; some develop severe hyperinsulinemia; some 

even develop severe hypoglycemia due to marked hyperinsulinemia that leads to sudden 

death (18).  Interestingly, distinct differences also exist among substrains in response to the 

HFD.    

Among the various mouse strains, C57BL/6J mice have been widely used for 

HFD-induced obesity due to the similar abnormalities to human metabolic syndrome they 

exhibit.  Several HFD-induced obesity rats model have been developed these years that 

demonstrates special phenotype mimic human obesity.  The diet-induced obesity (DIO) 

prone rats developed by Dr. Barry E. Levin at New Jersey Medical School are one of the 
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strains that depict the polygenic phenotype of human obesity(19).  These obesity prone rats 

were being selectively bred from outbred Sprague-Dawley rats.  Original outbred male 

and female Sprague-Dawley rats breeding stock was fed one month when they were 5-

week-old with high-energy (HE) diet, which was made by 8% of corn oil, 44% of 

sweetened condensed milk, and 48% Purina rat chow.  This HE diet contained 4.47 

kcal/g, with 21%kcal of protein, 31%kcal of fat, and 48%kcal of carbohydrate—half of 

which was sucrose.  After one month on the HE diet, several highest and lowest weight 

gainers were selected as breeding stock.  DIO prone phenotype and diet resistance (DR) 

phenotype were then inbred for several generations; a firmly separation of obesity-prone 

and DR phenotype established by the F3 generation.  According to Dr. Levin, the 

phenotypes differences were strongly expressed by the HE diet exposure.  Although sex 

differences exist, the obesity-prone male rats were still 31% heavier than respective DR 

rats.  

 

High-Fat Diet 

About 60 years ago, Samuels described that rats fed with a diet containing 70% 

energy of fat developed obesity and elevated basal and postprandial blood glucose levels 

(20).  HFD has been rigorous used in obesity research as a non-leptin deficient model ever 

since—with different fat type, macronutrient composition, feeding length and for 

different animal strains.  Under normal circumstances, most of the ingested lipids store in 

the adipose tissues if body does not use them as energy source.  However, if the amount 

of fat hit the limit of what body can handle for a certain period of time, ectopic lipid 
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depositions may occur which are part of the mechanism by which obesity leads to 

metabolic disorders.   

Despite the wide usage of HFD, the exact fat content and fatty acid acids 

composition of HFD varies.  The term “HFD” apparently does not have a solid definition, 

which makes the results of feeding HFD inconsistent and hard to compare between 

studies.  The fat content in the HFDs that has been used in researches ranges from 

20%kcal to 60%kcal, and the constituent of fat also varies between animal-derived fat 

and plant-based oil, e.g., lard vs. corn oil and soybean oil (21).  Without a standardized diet, 

every scientist has their own opinions and preferences on choosing an appropriate diet to 

experimental animals.  Some scientists chose to use semi-purified HFDs that are well 

refined and have comparable control diet that substitute fat with carbohydrate or protein.  

However, some researchers simply add fat or oil into standard chow diet, which may 

dilute other nutrients (e.g. vitamins, minerals, protein…etc.) and non-nutrients (e.g. 

phytochemicals).  Moreover, the “standard chow diets” that each animal facility choose 

to use are manufactured by different companies, which may increase the variability 

between studies.  Some of these chow diets are variable formula, such as LabDiet 5001, 

in which the ingredients used in the diets change from batch to batch—depending on the 

source of raw ingredients manufacturer can get.  Standard chow diet also has various 

levels of phytoestrogens that may affect lipid metabolism or atherosclerosis, which may 

influence the physiological function and diseases outcome (22).  When the sources of the 

diet and the compositions change among each lot, the variations between control group 

and HFD group may increase. 
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Commonly used commercial semi-purified high-fat rodent diets 

More and more researchers nowadays are willing to use commercially made semi-

purified diets due to their conveniences, and the availability of the control diet with 

matched macronutrient.  Moreover, using the same diets make it easier to compare 

observations across the studies between different research teams.  There are several 

companies manufacturing open source diets using different lipid sources and various 

proportions of lipids that have been commonly used in obesity related researches.  The 

following are four major companies that produce open source diets and have been widely 

used in the United States and all over the world. 

 

I. Research Diets, Inc.  (http://www.researchdiets.com/) 

Research Diet, Inc. manufactures several DIO series diets; two of the most 

popular formulas are the D12492 and D12451 diets (Supplemental 1.).  This series of 

HFD uses lard as their major source of fat.  Diet D12492 is the HFD that contains 

60%kcal of fat, 20%kcal of carbohydrate (35% of the carbohydrates are from sucrose), 

and 20%kcal of protein.  Approximately 92% of fat in this diet comes from lard, and 

the rest of 8% comes from soybean oil.  There is 300.8mg of cholesterol in one 

kilogram of diet in the D12492 diet.   

Another HFD in the same DIO series, D12451, has 45%kcal of fat, 35%kcal of 

carbohydrate (50% of the carbohydrates are from sucrose), and 20%kcal of protein.  

Lard contributes to 88% of the fat in this diet, 12% are from soybean oil.  There is 
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196.5mg of cholesterol in one kilogram of diet in the D12451 diet.  This company 

manufactures various matched macronutrients control diets with different levels of 

sucrose for scientists to choose.  Their control diets use approximately half soybean oil 

and half lard as their fat sources.  In general, these control diets have 20%kcal of 

protein, match with HFD, 10%kcal of fat, and 70%kcal of carbohydrate.  

 

II. Bio-Serv  (http://www.bio-serv.com) 

Another commonly used commercial semi-purified HFD is the #F3282 that 

manufactured by Bio-Serv (Supplemental 2.).  This lard based high-fat formula has 

59%kcal from fat, 26%kcal from carbohydrate, and 15%kcal from protein.  The control 

diet that this company formulizes, F4031, also uses lard as its fat source.  The control 

diet has 21%kcal of protein, 16%kcal of fat, and 63%kcal of carbohydrate. 

 

III. Harlan Laboratories, Inc.  (http://www.harlan.com) 

Adjusted calories diet TD.88137 manufactures by Harlan Laboratories provides 

a HFD that uses milk fat as its major fat source (Supplemental 3.).  Because dairy and 

sucrose attributes to a marked proportion in the Western diet, this formula uses high fat 

(42%kcal) and sucrose (35% by weight) compositions to mimic Western Diet.  Another 

42.7%kcal of this diet is made by carbohydrates, 15.2%kcal by protein.  On top of the 

existing cholesterol in the milk fat, this company had added cholesterol into this diet to 

make it contains 0.2% of cholesterol. 
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IV. TestDiet  (http://www.testdiet.com) 

Numerous HFDs have been formulated and manufactured by TestDiet.  The 

Van Heek diet-induced obesity series is one of the most common series that has been 

used by many research teams (Supplemental 4.).  Similar with the DIO series 

manufactured by ResearchDiet, Inc., this series has 45%kcal fat (#58V8) and 60%kcal 

fat (#58Y1) high fat formulas that made with lard and soybean oil (88% of total fat 

from lard, 12% from, soybean oil), and their comparable control diet with 10%kcal fat 

(58Y2).  Diet#58V8 has 18.3%kcal if protein, 45.7%kcal of fat, and 35.5%kcal of 

carbohydrates (half of the carbohydrates are sucrose).  Diet# 58Y1 has 18.3%kcal if 

protein, 60.9%kcal of fat, and 20.1%kcal of carbohydrates (one-third of the 

carbohydrates are sucrose). TestDiet also manufactures HFDs that uses corn oil (#58G8) 

or coconut oil (#58R3) as their lipid sources.   

 

Composition and major lipid sources of HFD 

I. Macronutrient distribution 

As mentioned above, the macronutrient compositions vary in almost every 

HFD formula.  Typically, the fat contributes to 40-60% of the total calories of the diet; 

about 20%kcal comes from protein, and 20-40%kcal from carbohydrates in the HFD.  

The proportion of carbohydrate or protein needs to be decrease to compromise the 

increased proportion of fat while making HFDs.  Since protein usually contributes to 

a relatively small proportion of diets and its important role in physiological functions, 



 74 

formulas often substituted carbohydrate with fat to increase fat content.  Details of 

some of the often-used formulas have been previously discussed (see above). 

   

II. Fatty acid profiles of several commonly used fat sources 

A. Lard 

Lard-based HFD is known to cause diet-induced obesity, increase serum 

glucose and insulin level, and also lead to higher serum triglycerides (23).  Based 

on United States Department of Agriculture (USDA) National Nutrient Database, 

there are 41% of total saturated fatty acids (SFA), 47% of total monounsaturated 

fatty acids (MUFA), and 12% of total polyunsaturated fatty acids (PUFA) in the 

total lipid of lard (24).  Lard generally contains 95mg/100g of cholesterol.  

Magidman et al. (25) analyzed the fatty acid profiles of three different 

sources of lard back in 1962, and reported similar proportion of fatty acid shown 

in USDA database—41% of SFA, 46% of MUFA, and 13% of PUFA.  In the 

same report, the majority of SFA is palmitic acid (C16:0) that contributes to 

approximately 26% of total fatty acid of lard.  Stearic acid (C18:0) consists 10 to 

14% of lard.  Oleic acid (C18:1), in the other hand, is the major fatty acids in 

MUFA; it composes 42 to 46% of total fat in lard.  Two percent of total fat comes 

from palmitoleic acid (C16:1).  Additionally, the major PUFA source is linoleic 

acid (C18:2, n-6, ~10%). 

The lard that Bio-Serv uses to formulate their F3282 HFD also has similar 

fatty acid composition as what USDA reported.  Despite the similar fatty acid 
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profile results shown in the several reports mentioned above, the lard that 

Research Diet Inc. uses has distinct fatty acid profile according to the data 

analyzed by the company.  Their data showed that SFA accounts for 34% of the 

lipid in their lard source, 38% comes from MUFA, and 28% from PUFA.  Based 

on their report, the lard they used has lower proportion of SFA and MUFA, higher 

PUFA—mostly from linoleic acid (C18:2, n-6). 

 

B. Milk fat 

Based on USDA National Nutrient Database, whole milk with 3.25% milk 

fat contains 10mg/100g of cholesterol. 65% of calories in the milk fat comes from 

SFA, 28 %kcal from MUFA and 7 %kcal from PUFA (24).   

Chouinard et al. (26) analyzed the fatty acid profile of milk fat and found 

similar fatty acid profiles as USDA database.  Palmitic acid (C16:0) and oleic acid 

(18:1, n-9) are two of the major fatty acids that contribute 27% and 24% of total 

lipid in the milk fat, respectively.  There are also 10.9% of stearic acid (C18:0) 

and 11% of myristic acid (C14:0) in the fat milk according to the same study.   

C. Soybean oil 

According to the USDA National Nutrient Database, 16 % of the total 

lipid of soybean oil are SFA, 24% are MUFA, 60% are PUFA.  This plant base oil 

does not contain any cholesterol (24).   

Chowdhury et al. (27) reported similar SFA, MUFA and PUFA 

composition as shown in the USDA National Nutrient Database.  More 
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specifically, there are 14% of palmitic acid, 4% of stearic acid, 23% of oleic acid, 

52% of linoleic acid, and 6% of linolenic acid (C18:3, n-3) in the soybean oil.   

 

Outcomes of long-term HFD in animals 

Long term-HFD feeding is known to induce obesity and its related diseases in 

animal models with some exceptions of diet rich in long chain n-3 PUFAs.  Some 

evidences suggested that n-3 PUFA has protective effects against obesity and insulin 

resistance, but this statement remain inconclusive due to inconsistent results obtained 

from different research teams (28).  The fat sources used to make these diets could lead to 

different results because of the distinct fatty acid profiles of each lipid source.  A long 

term (9-10 month) HFD feeding study fed male Wistar rats with safflower oil-based HFD 

that contained 59% of fat and 20% carbohydrate (cornstarch: sucrose=2:1 wt/wt) found 

that the total body weight of HFD group was 22% higher than the control group (29).  

Additionally, the total fat weight and intra-abdominal fat (sum of the weights of 

epididymal, retroperitoneal, and mesenteric fat depots) were 51% and 41% higher in the 

HFD group, respectively.  The increased fat consumption also leads to changes in lipid 

metabolism that will be discussed in the following paragraph. 

 

I. Essential fatty acid functions and abnormal lipid metabolism 

Dietary fatty acids are essential for normal physiological functions because 

fatty acids not only play important roles in maintaining cell structure and fluidity, but 

also act as ligands of several nuclear receptors (30, 31) (peroxisome proliferator active 
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receptor (PPAR) family, liver X receptor α, and hepatocyte nuclear factor-4α[HNF-

4α]) and transcription factors (31) (sterol regulatory element-binding protein 1 

(SREBP-1), carbohydrate response element-binding protein) involve in lipid 

metabolism.  Certain fatty acids (eicosapentaenoic acid [EPA, C20:5, n-3], 

docosahexaenoic acid [DHA, C22:6, n-3); arachidonic acid [AA, C20:4, n-6]) also 

serve as precursors for “hormonal” molecules (eicosanoids/docosanoids) that play 

important roles in regulating inflammation status (32).   

Despite these crucial role of fatty acids and lipid, excess fat may be associate 

with enlarged adipocytes and increased ectopic fat deposition in liver, beta cells and 

skeletal muscles when adipocytes cannot store all the exogenous and endogenous 

lipid.  Enlarged adipocytes and the ectopic lipid infiltration lead to insulin 

dysregulation that may affect lipid metabolism (33).  Elevated circulating lipid 

happened when adipocytes failed to buffer and store fat as neutral lipid and cause 

dyslipidemia.   

 

II. Effects of SFA and MUFA on inflammation and insulin resistance 

For many years, lipotoxicity triggered by excess free fatty acids was restricted 

to SFAs (34).  However, it has been suggested that all fatty acids are toxic in different 

degree.  The degree of toxicity of fatty acids reflected differently depending on the 

cell type, the chain length of fatty acids and the number of double bonds (34).  

Evidence suggested that high levels of circulating SFAs are associated with apoptosis, 

insulin resistance, diabetes, obesity and hyperlipidemia (9).  Higher lipotoxicity of 
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SFAs has been observed compare to MUFAs, and it has been casually assumed that 

cells generate more apoptotic related lipid molecules and/or signaling molecules in 

response to SFA species (35).   

Sphingolipids ceramide accumulation has been shown to contribute to insulin 

resistance and often associated with multiple obesity related diseases including 

diabetes, cardiomyopathy, and atherosclerosis (36). Stress stimuli such as SFAs, 

inflammatory agonists and chemotherapeutics have been shown to increase ceramide 

synthesis.  Indeed, palmitic acid and stearic acid (18:0), the predominant SFAs in vivo, 

are the precursors of de novo synthesis of ceramides (35).  SFAs have also been 

proposed as the ligands of the membrane receptor Toll-like receptor 4 (TLR4), which 

leads to Nuclear factor kappa B (NF-κB) and C-jun N-terminal kinase (JNK) 

activation as well as cytokine production and inflammation in adipose tissue (37).  

It has been suggested that MUFAs have the ability to protect cells against 

from apoptosis, inflammation, ER stress and insulin resistance when used in 

combination with SFAs (38).  Although MUFAs may induce modest toxicity in 

hepatocytes, it is far less toxic compared to the same concentration of SFAs (39).  For 

instance, oleic acids have been shown to reduce palmitate-mediated ER stress and 

apoptosis in the H4IIE hepatocytes (40).  The associated mechanism is still unclear, but 

there are two main hypotheses proposed in which MUFAs protect against SFAs 

through 1) esterified FAs into neutral lipid TGs for storage and 2) facilitated lipid 

detoxification by fatty acid oxidation (41).   
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III. Effects of PUFA on inflammation and insulin resistance 

It has been suggested that certain PUFA species have the abilities to affect 

inflammatory response (32).  PUFAs regulate fuel partitioning within the cells by 

reducing lipogenic gene expression through PPARs (30) and SREBP pathway (42) and 

prevent insulin resistance by increasing membrane fluidity and GLUT4 transport (43).  

Although parts of the functions still remain unclear, n-3 and n-6 PUFAs are generally 

being recognized as anti-inflammatory and pro-inflammatory fatty acids, respectively 

(44).  

Obesity is characterized as a state of low-grade of chronic inflammation.  

Numerous studies have investigated the potential of n-3 PUFAs on lowering 

inflammatory responses.  Mehra et al. (45) have demonstrated that 8 g/day of n-3 

PUFAs supplementation (80% of this supplement were n-3 fatty acids ethyl esters, in 

which 44% were EPA, 24% DHA and the rest 12% were other n-3 fatty acid ethyl 

esters) reducing inflammatory cytokines including tumor necrosis factor (TNF)- α 

and interleukin (IL)-1 in patients suffered from severe heart failure.  Moreover, EPA 

and DHA supplementations have been shown to have the abilities of lowering IL-6, 

IL-9, monocyte chemotactic protein-1 and high sensitivity C-reactive protein.  n-3 

PUFAs also have physiological effect on lowering oxygen free-radical generation, 

which may play a role in its function on reducing inflammation (46).   

The mechanismn-3 PUFAs might be their anti-inflammatory actions on 

cyclooxygenase (COX).  EPA acts as a competitive inhibitor for AA, an n-6 PUFA, 

on COX, which produces pro-inflammatory eicosanoids when AA is used as a 
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substrate (Fig. 1) (47).  More specifically, AA is a precursor of 2-series prostaglandins 

and thromboxanes, such as PGE2 and TXA2, respectively.  These 2-series pro-

inflammatory factors could induce the production of IL-1, IL-6, and TNF-α from 

macrophage (48).  This means that elevated AA level might induce AA-derived 

eicosanoids and then further enhance or prolong the inflammatory status.  Whereas 

EPA is known to increase the 3-series prostaglandins and thromboxanes, such as 

PGE3 and TXA3, respectively, which has significant weaker effect of inducing 

inflammatory cytokines than 2-series (47).  

It is obvious that these longer chain n-3 and n-6 PUFAs are critical in 

affecting inflammatory response.  In theory, mammals can synthesize these longer 

chain PUFAs from the essential fatty acids—linoleic acid (LA, 18:2, n-6) and α-

linolenic acid (ALA, 18:3, n-6) (Fig. 1).  However, some evidences showed that the 

conversion from ALA to the longer chain n-3 PUFAs could be inefficient in some 

populations, which means the n-3 PUFAs in the tissue and circulation may reflect 

dietary fatty acid composition (49).    
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Figure 1. Schematic of the desaturation and elongation biosynthetic pathway of essential 

dietary fatty acids to longer chain unsaturated fatty acids (50, 51).  Precursors of eicosanoids 

are also highlighted.  n-3 fatty acids acronyms: EPA, eicosapentaenoic acid; DHA, 

docosahexaenoic acid.  Enzyme acronyms: FADS1, fatty acid desaturase 1; FADS2, fatty 

acid desaturase 2.  
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In vitro model to Study Hepatic lipotoxicity 

In vitro cell culture and animal models are both been intensively used in studying 

molecular mechanisms, drug development, and cellular toxicity…etc.  In vitro models are 

essential when the in vivo models are limited due to animal welfare/ethical concerns or 

when tissue specific effects need to be studied in an isolated environment.   

 

Hepatic steatosis and insulin resistance 

Hepatic lipid accumulation is known to be associated with hepatic insulin 

resistance and systemic insulin resistance (52), increased endogenous glucose production 

(53, 54), and mitochondrial dysfunctions (55).  Whether the correlation between ectopic lipid 

accumulation in liver and insulin resistance is due to a causal relationship between the 

conditions have long been debated.  Several pathways that have been proposed to be 

associated with the link of these two conditions.  Increased lipid metabolites such as 

diglycerides (DG) in the hepatocytes can cause hepatic insulin resistance by activating 

protein kinase Cε (PKCε) (56).  Activated PKCε [1] binds to insulin receptors and inhibits 

its tyrosine kinase activity and [2] interferes with the ability of insulin to phosphorylate 

IRS-2, both affect phosphatidylinositol 3-kinase (PI3K)-AKT pathway and eventually 

lead to increased hepatic glucose production (Fig. 2).  Cholesterol and certain non-

esterified fatty acids (NEFA) species have also been shown to downregulate hepatic IRS-

2 expression through c-Jun NH2-terminal kinase (JNK) activation (57).   
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Figure 2.  Lipid metabolites affect insulin sensitivity in the hepatocytes; adapted from 

Postic et al.(56).  When an adequate transduction signal is present (right panel), insulin 

binding to the insulin receptor results in the phosphorylation of tyrosine residues (Y) on 

insulin receptor substrates (IRS-1 and -2), which leads to the activation of PI3K and the 

subsequent phosphorylation of Akt, which are involved in mediating the metabolic 

effects of insulin.  On the other hand, excess lipid metabolites such as DAG can cause 

insulin resistance by activating PKCε (left panel). The activated PKCε binds to the 

insulin receptor and inhibits its tyrosine kinase activity. The activation of PKCε may also 

interfere with the ability of insulin to phosphorylate IRS-2 on tyrosine residues. IRE, 

insulin-responsive element; S, serine; Ub, ubiquitination. 
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Increased oxidative stress has also been suggested to play a role in the induction 

of hepatic and systemic insulin resistance.  NEFA accelerates oxidation in the 

hepatocytes triggered by upregulation of carnitine palmitoyltransferase-1a (CPT-1a) that 

causes excess electron flux in the mitochondrial respiratory chain, resulting in reactive 

oxygen species (ROS) overproduction(57).  ROS then activate JNK which inhibits insulin 

signaling through IRSs.  Excessive substrate acetyl CoA derived from glucose and fatty 

acid metabolism may also induced ROS production (58).  The excess acetyl CoA flows 

into mitochondrial β-oxidative phosphorylation (OXPHOS) to generate ATP that would 

stimulate gluconeogenic enzyme such as phosphoenolpyruvate carboxykinase (PEPCK), 

eventually lead to increased hepatic glucose production (Fig.3).   

Hepatic insulin resistance is crucial and could potentially leads to systemic insulin 

resistance.  A study conducted by Michael et al. (59) showed that the disruption of hepatic 

insulin signaling in the liver-specific insulin receptor knock-out (LIRKO) mice resulting 

in hyperinsulinemia, fasting and postprandial hyperglycemia and the subsequent 

development of peripheral (muscle) insulin resistance.  Moreover, the mice with 

disruptive insulin signaling in the skeletal muscle and adipose tissue remained normal 

glucose homeostasis (60). These findings suggested a direct role of insulin signaling in 

liver in the regulation of postprandial glucose homeostasis and whole-body insulin 

sensitivity.  

Furthermore, since fatty liver is generally correlated with obesity, the changed of 

metabolism associated with obesity and metabolic syndrome may also contribute to the 

impaired insulin signaling.  The potentially increased NEFA, especially SFA, in 
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circulation of obese patients could stimulate TLR4 that would activate both Ikkb/NFκB 

and JNK signaling, not only potentially inhibit PI3K/Akt pathway but also lead to the 

expression and secretion of proinflammatory cytokines such as I11b, IL-6, TNF-α, 

MCP1…etc (61).  Additionally, the hypertrophy and hyperplasia adipocytes of obese 

patients outstrip the local oxygen supply that leads to cell autonomous hypoxia with 

activation of cellular stress pathways, which leads to inflammation response of cells that 

release cytokines and other pro-inflammatory factors.  All these produced cytokines 

could travel through circulation and affect hepatic insulin signaling.  For example, tumor 

necrosis factor-α (TNF-α) could activate TNF-α receptors resulting in stimulation of 

NFκB signaling via Ikkb that inhibits IRS-1 expression (Fig. 4).   
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Figure 3.  The role of mitochondrial ROS and excessive substrate acetyl CoA in the 

development of hepatic insulin resistance through interfering with PI3K/AKT pathway (57, 

58).   Saturated NEFA has been shown to have the ability to induce CPT-1a expression, 

provide excess electrons for mitochondrial OXPHOS and generate ROS.  Excess 

substrate acetyl CoA derived from glucose and fat flow into mitochondrial 

OXPHOS also generate ROS.  ROS then desensitizes the insulin signaling pathway by 

activating JNK, impairing tyrosine phosphorylation of IRS-2, and causing hepatic insulin 

resistance.  Moreover, the excess substrate acetyl CoA flow into mitochondrial OXPHOS 

to generate ATP, that stimulates gluconeogenic enzymes.    
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Figure 4. Direct interaction of insulin signaling and inflammatory pathways.  The insulin 

signaling cascade branches into two main pathways. The PI3K/AKT pathway 

mediates insulin action on nutrient metabolism including glucose uptake. The Ras/MAPK 

pathway mediates insulin’s effect on gene expression, but also interacts with the PI3K-

AKT pathway to control cell growth and differentiation. Activation of the insulin 

receptor leads to tyrosine phosphorylation of IRS1 thereby initiating signal transduction. 

Stimulation of the NFκB and AP-1 Fos/Jun inflammatory pathways results in the 

activation of the serine kinases, Ikkb and Jnk1, which reduce the signaling ability of IRS1. 

Additional inflammation-related negative regulators of IRS proteins include the Socs 

proteins and NO, which are induced in inflammation, and promote IRS degradation.   
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That is to say, induction of lipid accumulation in hepatocyte could lead to hepatic 

insulin resistance and other complications that serve as a great model to study the 

mechanism associated with obesity.  Thus, liver cells are often being exposed to fatty 

acids to induce hepatic lipid storage and then study resulting metabolic effects. 

 

Commonly used in-vitro model for studying hepatic steatosis 

Isolated primary hepatocytes and HepG2 cells have both been used to examine 

hepatic metabolism in-vitro.  The transformed, proliferating cell line such as HepG2 and 

the highly differentiated, non-proliferating primary hepatocytes likely have some 

differences on gene expressions and enzymatic functions (62).  Primary hepatocytes can be 

isolated from mice or rats through perfusion methods; they can also be cultured from the 

liver samples come from human donors.  Primary human hepatocytes are considered the 

gold standard to study human related liver metabolism.  The applicability of cultured 

primary hepatocytes makes it a great model to obtain species specific response from liver.  

The down side of using this primary in vitro model is that the idiosyncratic responses of 

donors display by the hepatocytes may cause certain variable responses.  

HepG2 is an immortalized cell line that derived from a liver hepatoma of a 15-

year-old Caucasian male (63).  This established cell line with hepatic characteristics is very 

convenient for molecular and cellular researches on investigating human liver response 

due to the availability of unlimited quantity.  Although isolated primary hepatocytes and 

HepG2 cells have similar glucuronidation and cytochrome reductase activities, they are 

differ in microsomal epoxide hydrolase activity (64). In addition, lack of many cytochrome 
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P450s expression of HepG2 cells might affect the differential responses to chemical 

exposures (65).   

 

Hepatic lipid exposure  

Elevated plasma NEFAs level is associated with intra-abdominal obesity (66).  It 

has been widely believed that enlarged visceral fat depot of obese subjects undergo 

lipolysis and the resulting NEFAs are exposed to the liver through the portal vein (66)  The 

liver is also exposed to NEFA through systemic circulation by the hepatic artery.  Liver is 

one of the most crucial metabolic regulation organs that involves in synthesis and 

degradation of lipids.  Hepatocytes uptake NEFAs and convert them to fatty acyl CoA 

before they undergo metabolism through either 1) partially or wholly oxidation to carbon 

dioxide and ketone bodies or 2) esterification to form TGs, phospholipids (PL), and other 

fatty acyl esters (67, 68).  The rates of esterification and the formation of TG appear to be 

unsaturable (68).  Needless to say that increased NEFAs uptake by liver leads to excess 

lipid formation, resulting in ectopic lipid accumulation, increased lipolysis of excess lipid, 

increased lipid secretion into circulation which may cause dyslipidemia (69).  Hepatic 

steatosis is a term used to describe fat infiltration of the liver or otherwise termed fatty 

liver.  The definition of fatty liver is when over 5% of the liver weight is made up of 

stored lipids. 
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Use of fatty acid species in cell culture 

While demonstrating lipid exposure on cultured cells, non-esterified fatty acids 

are usually used because they can be readily uptake by cells whereas TGs need to be 

hydrolyzed by lipases prior to be uptake.  An older study from Svedberg et al. (66) 

evaluated the abilities of several fatty acid species in inhibiting insulin binding in primary 

rat hepatocytes.  They showed that 0.4 mM of oleic acid, palmitic acid, stearic acid, 

palmitoleic acid and eicosapentaenoic acid (EPA) achieved same level (~40%) of 

inhibition ability on insulin binding.   

Despite of the similar abilities of inhibiting insulin binding, some researchers 

believed that only saturated fatty acid could induce insulin resistance and downstream 

(post receptor) insulin signaling via intracellular lipid accumulation (70).  Palmitic acid is 

predominately used in most studies because it is the dominant fatty acid in SFA and it is a 

species that leads to TG formation (71, 72).  On the other hand, evidence showed that oleic 

acid (C18:1, n-9), the dominant MUFA in vivo, contributes to the accumulation of 

diglyceride (DG) fraction.  DG have become the stored lipid most tightly linked to the 

progression of insulin resistance because it has bioactive signaling properties, while TG 

are inert and have not been shown to directly stimulate pathways (72).  Although oleic acid 

is less toxic to hepatocytes and is able to reduce palmitate-mediated ER stress and 

apoptosis, the steaotosis induced by oleic acid is believed to be associated with apoptosis 

in hepatocytes.  Due to its abundance and apparent effects on cellular metabolism, some 

studies tend to use palmitic acid and oleic acid mixtures in a 1:1 or 2:1 proportion to 

induce lipid accumulation in a more physiological sense in the in vitro models (53, 72-74).  
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There is also evidence that supplying oleic acid in the mix allows you to use higher 

palmitic acid concentrations before apoptosis is activated. 

Non-esterified fatty acids have to be dissolved in ethanol and then conjugated 

with albumin before mixing with medium to treat the cells.  In the hepatocytes, cells are 

usually incubated with the medium free of fetal bovine serum (FBS) 1-hour prior to the 

fatty acids treatment to demonstrate FBS deprivation.  After several hours of incubating 

with the targeted fatty acids, the cells are chased with or without insulin before being 

harvested for insulin signaling studies (72). 

It has been shown that non-esterified fatty acids are rapidly taken up into cultured 

primary hepatocytes in 1-hour exposure to a 1:2 palmitic acid: oleic acid fatty acids 

mixture (53).  Three hours exposure is enough for primary hepatocytes to esterified fatty 

acids into TGs, and the amount of TGs increased in a time dependent manner (53).  

 

Disconnect between in vivo and in vitro studies 

Fatty acids profile of total lipids in the systemic circulation serum in human 

Fern´andez-Real et al. (75) assessed the fatty acid profiles of total lipids in the 

serum of lean and overweight men and women under their routine diets (Table 2).  After 

analyzing the serum fatty acid profiles in 232 subjects, the proportion of SFA in human 

serum was approximately 30%, MUFA was about 22%, and the PUFA accounted for 

43% of total lipids.  The dominant fatty acid species in SFA and MUFA were palmitic 

acid (16:0) and oleic acid (18:1, n-9) as mentioned above.  n-6 PUFA appeared to be the 

majority source of PUFA (94% of total PUFA) , especially linoleic acid (18:2, n-6; 79% 
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of total n-6 PUFA), compared to n-3 PUFA.  Whereas arachidonic acid (20:4, n-6) 

accounted for 17% of the total n-6 PUFA in the human serum fatty acid profile found in 

the same study.  Additionally, the dominant n-3 PUFA comes from DHA. This study also 

reported that the percent palmitic acid and DHA appeared to be significant higher in men 

than in women.   

The same study separated the subjects into two subgroups—lean and overweight 

by BMI (22.2±1.8 vs. 27.9±2.4).  n-3 PUFA was significant lower in the overweight men 

and women, which was due to decreased EPA in men and DHA in women.  However, 

this result may not be applicable now because a much higher percentage of the population 

(30% in the United States) is above BMI 30 according to CDC.   

In a study conducted by Santomauro et al. (76), the total NEFA concentrations of 

obese nondiabetic subjects (560 ± 52 µmol/l) and obese diabetic subjects (584 ± 39 

µmol/l) are significantly higher than lean nondiabetic subjects (329 ± 28 µmol/l).  A 

recent study also showed higher serum NEFA concentration in obese children (422.2 

µmol/l) than normal weight children (332.0 µmol/l) (77).  However, a steady accumulation 

of published data supported the fact that increased fat mass in obese patients does not 

necessarily lead to elevated serum NEFA level.  Karpe et al.(78) conducted a systemic 

literature review analyzing 43 original reports including 953 nonobese and 1410 

overweight/obese subjects and concluded that although most of the studies showed 

greater NEFA concentration in the obese/overweight group, the average difference was 

modest and appeared to be unrelated to the fat mass.  
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Fatty acids (%) Lean 
men 

Lean 
women 

Overweight 
men 

Overweight 
women 

SFA 30.8±1.9 29.6±3.2 30.3±1.7 29.4±3.6 
14:0 0.45±0.26 0.42±0.34 0.34±0.22a 0.40±0.24 
16:0 20.13±2.20 18.94±3.27 19.63±1.88 18.9±2.95 
18:0 7.73±0.76 7.72±0.95 7.82±0.79 7.52±1.11 
20:0 0.29±0.06 0.30±0.07 0.30±0.06 0.30±0.08 
22:0 0.84±0.18 0.88±0.19 0.86±0.16 0.88±0.20 

     
MUFA 22.79±4.23 22.3±4.73 22.35±4.66 24.6±9.4 

16:1, n-9 0.37±0.11 0.36±0.09 0.34±0.09 0.34±0.12 
18:1, n-9 20.69±3.37 20.95±3.53 20.98±3.58 22.36±8.72 

     
PUFA (n-6) 40±4.7 40.5±5.4 40.7±4.6 40.5±6.4 

18:2, n-6 31.37±4.52 31.89±5.13 32.12±4.58 32.1±5.80 
18:3, n-6 0.46±0.14 0.44±0.19 0.43±0.15 0.42±0.15 
20:4, n-6 7.13±1.32 7.10±1.35 7.03±1.41 6.92±1.43 

     
PUFA (n-3) 3.1±1.0 3.01±0.96 2.72±0.6a 2.59±0.93b 

18:3, n-3 0.32±0.18 0.34±0.35 0.27±0.09 0.29±0.15 
20:5, n-3 0.67±0.43 0.59±0.38   0.44±0.21a 0.47±0.33 
22:6, n-3 2.11±0.68 2.06±0.55 2.00±0.50 1.82±0.63b 

Table 2. Serum fatty acid profiles in both lean and overweight men and women.  Data are 

shown as mean±SD.  Table generated from data published by Fern´andez-Real et al. (75).  

a p<0.05 compared to lean men; b p<0.05 compared to lean women. 
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Fatty acids profile in NEFA, TG, PL and CE fractions 

Each lipid class displayed a distinct fatty acid pattern.  A recent study reported the 

fatty acid profiles in TG, PL and CE fractions in the plasma of 22 obese subjects 

(11males and 11 females).  The average age of these subjects were 64±5 years old, and 

the average BMI was 27.6±2.7.  The percent of fatty acid species in each fraction are 

shown in Table 3.  The predominant fatty acids in the TG fraction are oleic acid and 

linoleic acid (both 27%), and then follow by palmitic acid (24.4%).  In the PL fraction, 

palmitic acid is the most abundant fatty acid (30.5%); linoleic acid is the second abundant 

fatty acid (22.8%) in this fraction.  Whereas linoleic acid is dominant in the CE fraction 

(57.5%), and then followed by palmitic acid and oleic acid (both 11.9%).  Goodman et al. 

(79) reported similar fatty acid profiles in two healthy subjects back in 1964, except those 

subjects had substantial higher percentages of oleic acid and lower linoleic acid.  The 

differences found in these two studies might come from the different dietary fat since TG 

fraction in the plasma reflects short-term dietary fat intake (discussed in the following 

paragraph).  Goodman et al. (79) also analyzed the fatty acid profile in NEFA fraction in 

two healthy human plasma (a 39-year-old black male and 18-year-old Caucasian male).  

There was approximately 24% of palmitic acid, 45% of oleic acid, 7~11% of linoleic acid 

in the NEFA fraction in the plasma of both subjects.  However, the older subject had 

higher percent of steric acid in the NEFA fraction (16.9±3.8) than the younger subjects 

(9.4±0.49).    
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Fatty acids (%) TG PL CE 
SFA 29.6±4.9 47.2±1.6 13.5±1.3 

14:0 2.3±0.7 0.54±0.12 0.75±0.21 
16:0 24.4±4.1 30.5±1.1 11.9±1.0 
18:0 2.9±0.8 14.0±1.1 0.81±0.24 
20:0 - 0.38±0.04 - 
22:0 - 1.1±0.1 - 
24:0 - 0.74±0.13 - 

    
MUFA 35.4±4.8 11.3±1.4 16.1±2.5 

16:1, n-9+n-7 3.3±1.0 0.58±0.14 2.0±0.7 
18:1, n-9 27.0±4.5 6.2±1.2 11.9±2.8 
18:1, n-7 1.9±0.4 1.2±0.2 1.1±0.2 

    
PUFA  35.0±5.9 42.2±1.5 70.4±3.4 
n-6 31.3±5.6 35.7±2.0 68.2±3.6 

18:2, n-6 27.0±5.2 22.8±2.6 57.5±4.5 
18:3, n-6 0.7±0.3 0.15±0.06 0.87±0.37 
20:3, n-6 0.4±0.1 3.5±1.0 0.62±0.19 
20:4, n-6 1.5±0.5 9.3±1.9 7.3±2.0 
22:4, n-6 - 0.21±0.05 - 

n-3 3.7±1.2 5.6±1.4 2.2±0.8 
18:3, n-3 2.3±0.9 0.3±0.09 0.76±0.33 
20:5, n-3 0.4±0.2 0.98±0.64 0.91±0.53 
22:5, n-3 0.3±0.1 0.74±0.19 - 
22:6, n-3 0.7±0.6 3.6±0.9 0.52±0.20 
    

Table 3. Serum fatty acid profiles of TG, PL and CE fractions in the fasting serum of 

overweight human subjects (women, n=18; men, n=18).  Data are shown as mean±SD.  

Table adapted from data published by Matthan et al. (80).   
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Dayton et al. (81) assessed the CE, PL, and TG fractions in serum lipid of elderly 

men who ingested the mostly SFA (control) vs. unsaturated FA (experimental) in their 

isocaloric diets that contained 40% fat.  According to their data, serum TG fraction 

appeared to reflect the dietary fatty acid composition (Fig. 2).  Similar results have been 

reported in other studies as well (82, 83).  The relationship between the ingested amount of 

PUFA and the corresponding proportions of the same fatty acids in the plasma lipid ester 

are often strong (84).   

A study conducted by Klein-Platat et al. (85) showed that overweight adolescence 

(average age 11.6 years old) with metabolic syndrome has higher percentage of SFA in 

plasma phospholipid compare to the normal weight adolescence.  The increased SFA 

were caused by increased stearic acid (C18:0) rather than palmitic acid (16:0).  The 

higher SFA is positively associated with The increased percentage of SFA led to 

decreased percentage of PUFA in plasma phospholipid, and the lower percentage of 

PUFA were due to the lower percentage of linoleic acid (18:2, n-6) and docosahexaenoic 

acid (DHA; 22-6, n-3).    
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Figure 2.  Data from Dayton et al. (81) showed the fatty acid compositions in the major 

serum lipid fractions, compared with dietary fat.  Values are shown as mean ± SD, n=10.  

Abbreviations: CE, cholesterol ester; PL, phospholipid; TG, triglyceride.  
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Effects of the combination of fatty acids have been left out in in vitro studies 

It is apparent that there are more than two fatty acids circulating in the body, and 

each fatty acid species existing for different purposes.  Obtaining fatty acid profiles 

provide information regarding fatty acid metabolism and storage, degree of de novo 

lipogenesis, dietary lipid source and even desaturase indices.  Most of these outcomes are 

determined by assessing the interactions between fatty acid species.  

 

Physiologically important fatty acid species and their interactions 

The chain length of dietary fatty acids, degrees of unsaturation, and double bonds 

configuration have significant impact on their metabolic fate (86).  How specific fatty 

acids affect in vivo metabolism and overall health are still not fully understood due to the 

intricate biochemistry of each fatty acid, their unique physiological and molecular actions.  

Ergo the understanding of the interactions between each fatty acid species are limited (44).   

Certain fatty acid species have known to compete with each other to bind to 

receptors that involved in lipid metabolism or to affect the production of inflammatory 

cytokines.  In a compete binding study conducted by Kliewer et al.(30), PUFAs such as 

ALA, LA and AA appeared to have more efficient binding with both PPARα and PPARγ 

than SFAs and MUFAs.  PUFAs are apparently stronger ligands to PPARα and PPARγ 

that involved in lipid metabolism.  In the three MUFA species that the same study tested, 

petrosellenic acid (18:1, n-6) seemed to have higher binding ability to both PPARα and 

PPARγ compare to oleic acid.  Interestingly, oleic acid demonstrated a unique selectively 

binding ability with PPARα.  These evidences suggested that the increased in the 
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circulating levels of certain FA species could results in enhancing catabolism and/or 

storage of FAs via activation of PPARα and PPARγ, respectively. 

It is obvious that the interactions between fatty acid species are complicated and 

relatively unclear.  A recent published study investigated the different ratio of SFA: 

MUFA mixtures affecting the degree of apoptosis in vascular smooth muscle cells (38).  

SFA such as palimitic acid are known to have pro-apoptosis characteristic, whereas 

MUFA such as oleic acid are known to be anti-apoptosis.  They found that all of these 

fatty acid mixtures inhibited cells proliferation by their pro-apoptosis potential, however, 

oleic acid reduces apoptosis in a dose-dependent manner.  Additionally, oleic acid has 

better capacity to reduce apoptosis when combined with a SFA than being used alone.  

These results highlight the fact that the ratio of fatty acids plays a critical role in affecting 

cell responses. 

 

Summary 

Animal models are valuable in helping researcher to understand whole body 

metabolism and functions of individual organ; however, in vitro cell culture technique is 

essential when studying molecular mechanism, cellular toxicity and organelle functions.  

Developing an appropriate in vitro system that induces lipid accumulation and insulin 

resistance is undoubtedly important.  The single or dual fatty acids that have been widely 

used in the in vitro system to induce lipid accumulation and insulin resistance do not 

mimic in vivo environment.  The disconnect between the in vivo model and in vitro model 
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could be resolved by adding fatty acid species in a physiological relevant proportion to 

treat the cultured cells based on results obtained from in vivo studies.   
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Supplemental 1.  DIO formulas from Research Diets 

 

The “Original” High-Fat Diets for 
Diet Induced Obesity
Formulated by E. A. Ulman, Ph.D., Research Diets, Inc., 
8/26/98 and 3/11/99.

Research Diets, Inc. formulated the “original” high-fat diet for diet 
induced obesity (DIO) studies in 1996. Today, our high-fat diets are 
the research standard for DIO mice and rats worldwide. 

DIO Low-Fat Control Diets

Matched, Purified Ingredient Diet

We recommend that you use a matched, purified ingredient diet 
and not a grain-based 'chow' diet. !ere are many, many di"erences 
between purified diets and chow diets and these variables make it 
di#cult to interpret your data from a study in which one group 
was fed a purified ingredient high-fat and the other a low-fat chow 
diet. Di"erences between your groups could be due to the level of 
fat, but could also be due to di"erences in fiber type and level, 
source of carbohydrate, and the presence or absence of plant 
chemicals (such as phytoestrogens), just to name a few.

See next page for low-fat control formulas.

Protein 
Carbohydrate 
Fat 

Total
kcal/gm

Ingredient 
Casein, 80 Mesh 
L-Cystine 

Corn Starch 
Maltodextrin 10 
Sucrose 

Cellulose, BW200 

Soybean Oil 
Lard

Mineral Mix S10026 
DiCalcium Phosphate 
Calcium Carbonate 
Potassium Citrate, 1 H2O 

Vitamin Mix V10001 
Choline Bitartrate 

FD&C Red Dye #40 
FD&C Blue Dye #1 

Total 

 gm%
24
41
24

4.73

gm
200

3

72.8
100

172.8

50

25
177.5

10
13
5.5

16.5

10
2

0.05

858.15

kcal%
20
35
45

100

kcal
800

12

291
400
691

0

225
1598

0
0
0
0

40
0

0

4057

 gm%
26
26
35

5.24

gm
200

3

0
125
68.8

50

25
245

10
13
5.5

16.5

10
2

0.05

773.85

kcal%
20
20
60

100

kcal
800

12

0
500
275

0

225
2205

0
0
0
0

40
0

0

4057

Product #         D12451          D12492

(DIO) Formulas

*Typical analysis of cholesterol in
lard = 0.95 mg/gram.
D12451 -
Cholesterol (mg)/4057 kcal = 168.6
Cholesterol (mg)/kg = 196.5
D12492 -
Cholesterol (mg)/4057 kcal = 232.8
Cholesterol (mg)/kg = 300.8

Where NutriPhenomics Begins

Research Diets, Inc.
20 Jules Lane

New Brunswick, NJ 08901 USA

Tel: 732.247.2390

Fax: 732.247.2340

info@researchdiets.com

© 2011 Research Diets, Inc. All rights reserved. DIO-3000-2-11

Product Data - DIO SERIES DIETS Report   Repeat   Revise
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Supplemental 2. #F3282-60%kcal HFD from Bio-Serv

 

____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________

5.5

1148
0.75
15.0

4.1
2.3
3.0

3162

1000
25.7

40

0.52

Choline
Folic Acid
Niacin
Pantothenic Acid
Pyridoxine
Riboflavin
Thiamin
Vitamin A
Vitamin B
Vitamin D
Vitamin E
Vitamin K  (Menadione)

mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
IU/kg

mcg/kg
IU/kg
IU/kg

mg/kg

12

2

3

____________________________________________
____________________________________________
____________________________________________

gm/kg
gm/kg
gm/kg

1.3
146
200

Monosaccharides
Disaccharides
Polysaccharides

Carbohydrates

Vitamins

ISO 9001:2008 Certified
One 8th Street, Suite 1, Frenchtown, NJ 08828   •   Toll-Free:  800-996-9908 (U.S. & Canada)

Phone:  908-996-2155   •   Fax:  908-996-4123  •  Web:  www.bio-serv.com

These are typical amounts of nutrients calculated from
available information. Actual assay results may vary.
For more information contact Jaime Lecker, Ph.D.
Phone: 800-996-9908 ext. 112  (U.S. and Canada)
908-996-2155 (International)
Email: jlecker@bio-serv.com.

                Revised Date: 1/11

Lard, Casein, Maltodextrin, Sucrose, Mineral Mix,
Vitamin Mix, DL-Methionine, Choline Chloride

Ingredients

Caloric Profile

Proximate Profile

____________________________________________
____________________________________________
____________________________________________

kcal/gm
kcal/gm
kcal/gm
kcal/gm

Protein
Fat
Carbohydrate
Total

0.82

1.43
5.49

3.24

____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________

Protein
Fat
Fiber
Ash
Moisture
Carbohydrate

%
%
%
%
%
%

3.5
<10

0.0

20.5

35.7

36.0

Amino Acids

____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________

Alanine
Arginine
Aspartic Acid
Cystine
Glutamic Acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg
gm/kg

12.8
0.6

40.6

5.5
11.0
16.6
14.8

7.1
8.9

20.5
11.4

8.7
2.2

13.0
11.4

7.3
5.3

4.9

Fatty Acids

____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________

gm/kg
gm/kg
gm/kg
gm/kg
gm/kg

C18:2 Linoleic
C18:3 Linolenic
Total Saturated
Total Monounsaturated
Total Polyunsaturated

36.6
3.6

141
162
40.2

Minerals

____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________
____________________________________________

Calcium
Chloride
Copper
Chromium
Fluoride
Iodine
Iron
Magnesium
Manganese
Phosphorus
Potassium
Selenium
Sodium
Sulfur
Zinc

gm/kg
gm/kg
mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
gm/kg
mg/kg
gm/kg
gm/kg
mg/kg
mg/kg
mg/kg
mg/kg

5.6
0.86

3.6

11.0
0.31
40.8
0.49
46.7

5.8
5.6

0.21
571
668
21.6

0.41

Product# F3282 - Mouse Diet, High Fat, Fat Calories (60%), 1/2" Soft Pellets, 5 kg/Box
Product# S3282 - Mouse Diet, High Fat, Fat Calories (60%), 1/2" Soft Pellets, 5 kg/Box - Sterile

Nutritional Profile

Copyright© 2011 Bio-Serv
All Rights Reserved
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Supplemental 3.  TD.88137—42%kcal HFD from Harlan 

Laboratories, Inc. 

 

Teklad Custom Research Diet Data Sheet

Formula     g/Kg
Casein 195.0
DL-Methionine 3.0
Sucrose 341.46
Corn Starch 150.0
Anhydrous Milkfat 210.0
Cholesterol 1.5
Cellulose 50.0 Ɣ Products are made fresh to order

Ɣ
Mineral Mix, AIN-76 (170915) 35.0 Ɣ
Calcium Carbonate 4.0 Ɣ Box labeled with product name,

manufacturing date, and lot number
Vitamin Mix, Teklad (40060) 10.0 Ɣ

Ethoxyquin, antioxidant 0.04 Ɣ Lead time:
· 2 weeks non-irradiated
· 4 weeks irradiated

F t t P d t S ifi I f ti

Store product at 4°C or lower

Adjusted Calories Diet (42% from fat)TD.88137

Key Planning Information

Use within 6 months (applicable to most diets)

Feed fresh diet at minimum one time per week 
(discard unused diet)

Footnote Product Specific Information
Ɣ 1/2" Pellet or Powder (crumbly)
Ɣ Minimum order 3 Kg
Ɣ Irradiation available upon request

Related Diets Options (Fees Will Apply)
Ɣ Rush order (pending availability)
Ɣ Irradiation (see Product Specific Information)
Ɣ Vacuum packaging (1and 2 Kg)

International Inquiry
% by weight % kcal from ·Outside U.S.A. or Canada ·

Protein 17.3 15.2 Ɣ askanutritionist@harlan.com
Carbohydrate 48.5 42.7
Fat 21.2 42.0
Kcal/g
Cholesterol 2
1 Values are calculated from ingredient analysis or manufacturer data
2 0.15% added, 0.05% from fat source

Place Your Order (U.S.A. & Canada)

Ɣ (800) 483·5523 · Place Order ·  Obtain Pricing ·
Ɣ askanutritionist@harlan.com  · Check Order Status ·

Ɣ (800) 483·5523
Harlan Laboratories · PO Box 44220 · Madison, WI 53744-4220 Ɣ (608) 277·2066 facsimile

www.harlan.com Ɣ tekladinfo@harlan.com

There are numerous modifications of TD.88137. Contact a nutritionist for more 
information about specific modifications, or to develop one that suits your needs.

Selected Nutrient Information1

TD.88137 is often referred to as the Western Diet in the cardiovascular literatures. The 
overall level of fat and the saturated nature of the fat are representative of diets that are 
linked to risk of cardiovascular diseases in humans. The formula originated with 
researchers at Rockefeller University and is used primarily with genetically manipulated 
mouse models that are susceptible to atherosclerosis. The diet may also be useful in 
diet-induced obesity, diabetes, and metabolic syndrome models.

Speak With A Nutritionist

Helping you do research better

Teklad Diets are designed & manufactured for research purposes only.

4.5
  0.2%

03/14/12

R
JRHarlan, Harlan Laboratories, Helping you do research better,

 and the Harlan logo are trademarks and trade names of Harlan Labortories, Inc. 
© 2008 Harlan Laboratories, Inc.

Helping you do research better
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Supplemental 4. Van Heek DIO Series from TestDiet

 
5

Typical Diet Series Spreadsheet

  
 V  a  n   H  e  e  k   S  e  r  i  e  s 

  10% kcal from fat 45% kcal from fat 60% kcal from fat
  58Y2 58V8 58Y1

 % % kcal  % % kcal  % % kcal 

Protein 17.3 18.3 21.3 18.3 23.6 18.3

Carb 67.5 10.2 41.2 45.7 25.9 60.9

Fat 4.3 71.4 23.6 35.5 34.9 20.1

Fiber 4.7  5.8  6.5 

kcal/g 3.78  4.65  5.16 

Ingredient      

Casein, vit free 18.956  23.306  25.845 

Dextrin 29.856  8.483  0 

Sucrose 33.174  20.136  8.891 

Maltodextrin 3.317  11.653  16.153 

Cellulose 4.739  5.827  6.461 

Soy oil 2.37  2.913  3.231

Lard 1.896  20.684  31.66

Potassium Citrate 1.564  1.923  2.132

Mineral Mix 0.948  1.165  1.292

Vitamin Mix 0.948  1.165  1.292

Dicalcium Phosphate 1.232  1.515  1.68

Calcium Carbonate 0.521  0.641  0.711

L-cystine 0.284  0.35  0.388

Choline Bitartrate 0.19  0.233  0.258

Yellow Dye 0.006  0  0

Red Dye 0  0.006  0

Blue Dye 0  0  0.006
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