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Abstract

Obesity-associated hepatic lipid accumulation and chronic low-grade inflammation lead to
metabolic defects. Saturated fatty acids (SFA) are a risk factor for, whereas unsaturated fatty acids
(UFA) are thought to be protective against, developing metabolic diseases. Sex differences exist in
the regulation of metabolism. We tested the hypothesis that diets high in SFA, mono-UFA
(MUFA), or poly-UFA (PUFA) had early, sex-distinct effects that differentially contribute to
long-term metabolic disturbance such as fatty liver and insulin resistance. Metabolic changes
including body and fat mass, circulating leptin and glucose levels, plasma lipid profile, hepatic
lipid accumulation, expression levels of genes related to lipid metabolism and low-grade
inflammation, and tissue insulin sensitivity were compared between male and female mice fed
with a low-fat chow, or high-fat SFA, MUFA, or PUFA for a short period of four days. SFA and
MUFA males increased adiposity associated with increased liver lipid accumulation and rapid
activation of inflammation in adipose and muscle tissues, whereas PUFA males did not show lipid
accumulation or tissue inflammation compared to chow males. All SFA and UFA males displayed
tissue insulin resistance. In contrast, female high-fat diet groups had normal liver lipid content and
maintained tissue insulin sensitivity without showing tissue inflammation. Therefore, sex
differences existed during early phase of development of metabolic dysfunction. The beneficial
effects of PUFA, but not MUFA, were corroborated in protection of obesity, hyperlipidemia, fatty
liver, and low-grade inflammation. The benefit of MUFA and PUFA in maintaining tissue insulin
sensitivity in males, however, was questioned.
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Introduction

High-fat content in typical Western diets is an important factor leading to obesity and related
dyslipidemia, fatty liver, cardiovascular diseases (CVD), and insulin resistance [1, 2],
although the link between these metabolic diseases is not completely understood. Some
relatively lean individuals are insulin resistant whereas some obese individuals are not [3].
Rosiglitazone, an insulin sensitizer, improves insulin sensitivity but increases adiposity at
the same time in rodents and humans [4—6]. Defects in lipid metabolism associated with
obesity, such as lipid overload that increases circulating free fatty acids (FFA) [7], ectopic
hepatic lipid accumulation [8, 9], and low-grade inflammation activated by macrophages of
white adipose tissue (WAT) [10, 11], rather than adiposity per se, are key factors for
developing metabolic dysfunctions. Lipid accumulation and insulin resistance in WAT and
liver occur three days after high-fat diet (HFD) feeding, prior to development of insulin
resistance in skeletal muscle [12]. Short-term HFD feeding also induces tissue inflammation
in WAT three days after HFD feeding [13], and in skeletal muscle and liver seven days after
HFD feeding [14]. These studies suggest that dietary fat rapidly induces lipid storage,
inflammation, and insulin resistance at metabolic tissues.

Although the association between dietary fat and incidence of metabolic diseases has been
recognized, relative contribution of different types of fat to metabolic defects is not clear.
Most of studies have focused upon lard, a major constituent of fat for average Western diet,
lacking comparison of animals consuming similar percentage of calories from other types of
fat. Lard contains a predominance of SFA, a fat type implicated as risk for progression of
metabolic diseases [15]. Some fat sources are reputed to be less harmful and may be
beneficial. There is evidence linking diets high in MUFA [16, 17] and PUFA [18-21] to be
less lipogenic and protective against obesity, with lower risk for diabetes and fatty liver, as
compared with diets high in SFA.

Sex differences exist in regulating glucose and lipid metabolism. Women compared with
men with matched adiposity generally have less visceral distribution of fat and lower
susceptibility to insulin resistance [22—24]. In order to develop gender appropriate therapies
for treating metabolic disorders, there is a need for understanding progression of these
metabolic diseases in both males and females. However, most metabolic studies have been
done using male subjects only. There has been no study that evaluates roles of different
HFDs rich in SFA, MUFA, or PUFA in sex-specific regulation of metabolism.

We hypothesized that diets high in SFA, MUFA, or PUFA had early, sex-distinct effects that
differentially contribute to long-term metabolic dysfunction such as fatty liver and insulin
resistance. We also clarified whether HFD-induced rapid changes in lipid overload, ectopic
lipid accumulation, and/or inflammation contributed to induction of insulin resistance. To
understand sex differences in effects of dietary fat on metabolism, metabolic changes
including body mass and fat mass, circulating leptin and glucose levels, plasma lipid profile,
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hepatic lipid accumulation, expression levels of genes related to lipid metabolism and low-
grade inflammation, and tissue insulin sensitivity were compared among male and female
mice fed with a low-fat chow, or one of three HFDs with identical calories, nutrient
contents, and matched total fat, but rich in different types of lipids, i.e., lard-based HFD with
SFA, olive oil-based HFD with MUFA, and menhaden oil-based HFD with PUFA, for a
short period of four days.

Materials and Methods

Animals and diets

Male and female twelve weeks-old C57BL/6 mice (n=8-9; Jackson Laboratory, Bar Harbor,
ME) were housed in separate rooms with a 12 h light-dark cycle (lights on at 0600). Mice
were fed a standard low-fat chow (Harlan-Teklad, Madison, WI) during acclimation when
their body mass and food intake were monitored, and ovarian cycles of female mice were
tracked. Daily food intake of each mouse was calculated individually by the difference of
food weights over 24 hours and corrected for spillage. Food intake data were then converted
to calories. After acclimation, mice were grouped into four groups for each sex with
matched average body mass and daily caloric intake. Mice were then fed daily with equal
amount of calories of either the low-fat chow (3.003 kcal/g; 14% calories from fat) or one of
three HFDs (4.728 kcal/g; 45% calories from fat; Research Diets, Inc., New Brunswick, NJ):
lard with SFA (palmitic acid C16:0; stearic acid C18:0), olive oil with MUFA (oleic acid
18:1, N-9), or menhaden oil with PUFA (eocosapentaenoic acid 20:5, N-3; docosahexaenoic
acid 22:6, N-3). Chow and HFD groups were pair fed to equalize caloric intake. Thus HFD-
fed mice were given less food than same sex chow-fed mice. The chow and HFDs had
closely matched amounts of protein (0.243 g/g chow, 0.237 g/g HFD) and carbohydrates
(0.402 g/g chow, 0.414 g/g HFD), but quite different amounts of fat (0.047 g/g chow, 0.236
g/g HFD). Female’s metabolism, including energy balance, lipid metabolism, and glucose
homeostasis, is influenced by estrogens [25-28], especially during proestus-estrus when
endogenous estrogen is high and has greatest physiological effects [29]. Phases of ovarian
cycles were determined by predominant cell types of vaginal cytology samples. Females (36
out of 40) that displayed normal cyclicity were fed a diet for four days, beginning in estrus
and terminating during proestrus-estrus. All procedures were approved by the Institutional
Animal Care and Use Committee at Miami University Ohio.

Sample collection

On the last day mice were food deprived for 2 hours (0700-0900), so that all mice had
similar meal status. Blood glucose of mice was measured using blood samples obtained
from tip of the tail vein with a glucose meter (Infinity®, US Diagnostics, New York, NY).
Mice were then injected intraperitoneally with saline or insulin (1 mU/g; Sigma, St. Louis,
MO), and sacrificed 15 min after injection. Plasma of blood collected from the hepatic portal
vein (HPV) was used to measure leptin (ELISA, CrystalChem, Downers Grove, IL) and
lipids (Wako Diagnostics, Richmond, VA), including high and low density lipoprotein-
cholesterol (HDL-C, LDL-C), FFA, and triglyceride (TG). Liver, soleus muscle with great
abundance of highly oxidative fibers, and gonadal epididymal (male) or parametrial (female)
WAT were collected and frozen at —80°C until extractions for liver TG, protein, and total
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RNA. Gonadal WAT has greater expression level of inflammation-related genes, such as
macrophage infiltration marker monocyte chemoattractant protein-1 (Mcp-1) and a
macrophage-specific marker Cd68 [11], and contains less connective tissue and fewer
vessels than subcutaneous WAT and visceral WAT, assuring accuracy in analysis of protein
activity and gene expression. Plasma measurements and gene expression levels were not
significantly different between saline- and insulin-injected groups within the same diet of
each sex (P>0.05), analyzed by unpaired two-tailed t tests, and therefore data were
combined.

Liver TG measurement

Liver tissue (~ 50 mg) was lysed in chloroform and methanol mixture, re-dissolved in
Infinity® TG stable reagent (Thermo Scientific), and measured with TG multi calibrator
(Wako Diagnostics) at absorbance of 600 nm [30]. TG content was calculated to ug TG per
mg liver.

Gene expression using quantitative PCR

Total RNA was extracted and reverse transcribed into cDNA using 1 pg RNA. Genes
implicated in de novo lipogenesis (fatty acid synthase, Fas; acetyl co-enzyme carboxylase,
Acc; sterol-regulatory element binding protein-1c, Srebp-1c), mitochondrial fatty acid -
oxidation (PPAR gamma coactivator, Pgcla), and low-grade inflammation (Mcp-1, Cd68)
were analyzed (Table 1). Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA
levels were similar among dietary groups and Gapdh was used as a reference gene.
Quantitative PCR was run in triplicates using iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA) and an iCycler (Bio-Rad) with 40 cycles of amplification (95 °C for 10 s) and
annealing (58 °C for 30 s). The amplified products were confirmed via gel electrophoresis
and melt curve analysis. Results were calculated by a 2722Ct method, and presented using
chow groups as 100%.

Tissue insulin sensitivity using western blot

Protein was extracted by homogenizing using lysis buffer with sodium orthovanadate,
phenylmethylsulfonyl fluoride, protease inhibitor (Santa Cruz Biotechnology, Santa Cruz,
CA) and phosphatase inhibitor cocktail (Sigma). Protein lysates were resolved in 4-15%
tris-glycine gels and transferred to nitrocellulose membrane (Bio-Rad). Activity of kinase
Akt indicates stimulated insulin signaling. Phosphorylated and total Akt (Ser 473 pAkt, tAkt;
1:1000; Cell Signaling, Danvers, MA) were detected by immunoblotting via
chemiluminescence (Amersham™ ECL™ Prime, GE Healthcare) and visualized using
autoradiography film. Density was quantified using ImageQuant software (Amersham
Biosciences). pAkt measurements were normalized to tAkt (pAkt/tAkt). Activation of
insulin signaling was indicated by pAkt/tAkt % difference between insulin- and saline-
injected mice.

Statistical analysis

Data were presented as mean + SEM. Prism 5 (La Jolla, CA) was used to perform two-way
repeated-measures ANOVA comparing day and diet followed by Bonferroni posttest to
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analyze daily body mass, and two-way ANOVA comparing sex and diet followed by
Bonferroni posttest to analyze body and WAT mass, leptin, glucose, lipids, gene expression
levels, and insulin signaling. A test with P<0.05 was considered statistically significant.

Body mass, WAT mass, circulating leptin and glucose

Male mice consumed greater amount of chow than females during acclimation (male
4.32+0.12 g/day or 12.98+0.35 kcal/day vs. female 3.97+0.11 g/day or 11.91+0.34 kcal/day;
tg6=2.16; P=0.03). During the four-day experiment period, each male and female mouse was
fed daily 12.98 kcal (4.32 g chow or 2.75 g one of HFDs) and 11.91 kcal (3.97 g chow or
2.52 g one of HFDs), respectively. Effort was made to accurately weigh food with less than
+0.10 g of variation. The majority of food was consumed every day, with a little food
occasionally remaining when next meal was provided. All four groups of each sex
consumed equal amounts of calories during 4-day feeding. As a result, body mass was
similar among dietary groups of males (Fig 1A) and females (Fig 1B), indicated by two-way
repeated-measures ANOVA. Day affected body mass of males [Fj 11,=78.09, P<0.0001]
and females [F4 128=13.19, P<0.0001], but diet did not affect body mass of males
[F328=2.58, P=0.07] or females [F3 3p=1.25, P=0.31]. At the end of this experiment, male
mice weighed more than the same diet females (Fig 1C). Two-way ANOVA revealed that
body mass was affected by sex [F1 0=249.33, P<0.0001], but not by diet [F3 go=1.55,
P=0.21]. There was no interaction between diet and sex [F3 go=1.56, P=0.21].

Although all male groups had similar body mass, SFA and MUFA males had greater
gonadal WAT mass than chow and PUFA males. HFD males had greater WAT mass
compared to female counterparts (Fig 1D). Both diet [F3 0=7.97, P=0.0001] and sex
[F160=48.93, P<0.0001] affected gonadal WAT mass, but there was no interaction between
diet and sex [F3 go=2.31, P=0.09]. The significant difference in body mass between males
and females would impact sex difference in WAT mass, thus WAT mass data were adjusted
by dividing gonadal WAT mass by body mass. After adjusted for body mass gonadal WAT
mass/body mass was similar between male and female chow groups, but elevated WAT
mass persisted in SFA and MUFA males (Fig 1E). Furthermore, WAT mass/body mass was
greater in MUFA males than MUFA females (Fig 1E). ANOVA revealed similar statistical
results for WAT mass and WAT mass/body mass, i.e., both diet [F3 0=6.92, P=0.0004] and
sex [F1,60=18.89, P<0.0001] affected WAT mass/body mass, with no interaction between
diet and sex [F3 go=1.58, P=0.20].

Leptin level indicates total adiposity. The difference in WAT mass was reflected by higher
plasma leptin concentrations in SFA and MUFA males than their female counterparts as
well as chow and PUFA male counterparts (Fig 1F). Both diet [F3 0=16.76, P<0.0001] and
sex [F1 60=41.32, P<0.0001] affected leptin level, and there was an interaction between diet
and sex [F3 60=9.87, P<0.0001]. MUFA and PUFA females had higher glucose levels than
chow females (Fig 1G), and PUFA females had higher blood glucose than SFA females (Fig
1G). Glucose levels were higher in chow and SFA males than the same diet females (Fig
1G). ANOVA revealed an interaction between sex and diet [F3 60=4.36, P=0.008] on blood
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glucose, which was affected by both diet [F3 g0=2.69, P=0.05] and sex [F1 60=20.45,
P<0.0001].

Plasma lipid and liver lipid

LDL-C levels were higher in SFA males as well as SFA and MUFA females than their same
sex chow and PUFA counterparts, and were also higher in HFD females than the same diet
male groups (Fig 2A). ANOVA indicated that both diet [F3 6p=14.09, P<0.0001] and sex
[F1,60=49.55, P<0.0001] affected LDL-C levels, but there was no interaction between diet
and sex [F3 go=1.85, P=0.15]. HDL-C levels were higher in SFA females than SFA males,
and were higher in SFA and PUFA females than chow females (Fig 2B). Sex [F1 60=4.21,
P=0.0446] but not diet [F3 50=2.46, P=0.07] affected HDL-C level, and there was no
interaction between diet and sex [F3 g0=1.72, P=0.17]. A more meaningful indicator is
HDL/LDL ratio that denotes risk for incidence of CVD [31]. SFA males had lower
HDL/LDL than chow and PUFA males, and MUFA females had lower HDL/LDL than
PUFA females and MUFA males (Fig 2C). HDL/LDL was affected by both diet [F3 50=3.98,
P=0.01] and sex [F1 50=10.18, P=0.002], but there was no interaction between diet and sex
[F3160:2.08, P:O.ll].

Plasma FFA concentrations were higher in SFA and MUFA males than chow and PUFA
males. Additionally, FFA levels were higher in males than the same diet females (Fig 2D).
ANOVA indicated that FFA was affected by sex [F1 g0=121.24, P<0.0001] but not diet
[F3.60=2.24, P=0.09], and revealed a significant interaction between diet and sex
[F360=2.86, P=0.04]. Plasma TG concentrations were similar between same diet male and
female groups. PUFA males and females had lower plasma TG levels than the same sex
chow mice (Fig 2E). Diet [F3 go=7.99, P=0.0001], but not sex [F1 g0=1.56, P=0.22], affected
plasma TG levels, with no interaction between diet and sex [F3 g0=0.06, P=0.98]. Among
the male groups, MUFA males had highest liver TG content than other male groups, and
SFA males had higher liver TG than chow and PUFA males, indicating hepatic lipid
accumulation in SFA and MUFA males. When compared between sexes within same diets,
liver TG was higher in MUFA males and PUFA females (Fig 2F). ANOVA revealed that
liver TG was affected by diet [F3 60=21.78, P<0.0001] but not sex [Fy g0=0.03, P=0.86], and
there was an interaction between diet and sex [F3 g0=13.41, P<0.0001].

Gene expression involved in hepatic lipogenesis and lipid oxidation

Hepatic lipid accumulation could be due to increased de novo lipogenesis (Fas, Acc,
Srebp-1c) and/or reduced lipid B-oxidation (Pgcla). Although all HFD groups showed a
trend to lower Fas mRNA levels compared with chow groups, only male and female PUFA
groups reached significance. Acc and Srebp-1c mRNA levels were comparable among male
groups. In contrast MUFA females had greater Acc expression than PUFA females and
greater Srebp-1c mRNA levels than chow and PUFA females. MUFA females also had
greater Srebp-1c expression than their male counterparts. MUFA males had greatest Pgcla
expression than other male groups and MUFA females. Expression of Srebp-1c was affected
by sex alone, while Fas and Acc mRNA levels were affected by diet alone. Hepatic
expression of Pgcla was affected by both sex and diet, with an interaction between diet and
sex (Table 2).
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Insulin signaling

Insulin sensitivity was indicated by pAkt/tAkt%. WAT pAkt/tAkt% was greater in insulin-
than saline-injected chow males, whereas it was not different between saline- and insulin-
injected HFD males (Table 3 WAT Male), indicating that WAT of chow males, but not HFD
males, was sensitive to insulin stimulation. WAT pAkt/tAkt% was greater in insulin-injected
females than same diet saline-injected females (Table 3 WAT Female). Activation of WAT
insulin signaling was greater in SFA females than PUFA and MUFA females as well as SFA
males, while it was less in PUFA females than chow females (Fig 3). ANOVA revealed that
insulin sensitivity in WAT was affected by sex [F1 2g=17.62, P=0.0002], but not diet
[F328=2.70, P=0.06], with an interaction between sex and diet [F3 25=3.34, P=0.03].

Muscle of chow males, but not HFD males, displayed greater pAkt/tAkt% after insulin
injection compared with saline injection (Table 3 Muscle Male). Insulin-injected chow,
MUFA, and PUFA females, but not SFA females, had greater muscle pAkt/tAkt% compared
with their saline-injected counterparts (Table 3 Muscle Female), indicating that except SFA
females, all other female groups were insulin sensitive in muscle tissue. ANOVA indicated
that sex affected insulin activity in muscle with females having greater muscle pAkt/tAkt%
than males [F1 2=4.43, P=0.04], although Bonferroni posthoc analysis did not reveal
difference within any diet group (Fig 4). Diet did not affect muscle insulin activity
[F328=2.83, P=0.06], and there was no interaction between diet and sex [F3 25=0.02,
P=0.99].

Insulin injection significantly elevated liver pAkt/tAkt% of chow males. In contrast, liver
pAkt/tAkt% was similar between saline- and insulin-injected HFD males, indicating that
liver of HFD males were insulin resistant (Table 3 Liver Male). Liver pAkt/tAkt% was
greater in insulin-injected females than saline-injected same diet females, indicating normal
liver insulin signaling in females (Table 3 Liver Female). MUFA males had lower liver
insulin activation than chow males, and SFA females had lower insulin activation than
PUFA females. MUFA and PUFA females had greater liver insulin activation compared to
their male counterparts (Fig 5). Similar as WAT, ANOVA revealed that insulin sensitivity in
liver was affected by sex [Fq 2g=4.16, P=0.05] but not diet [F3 2g=1.66, P=0.20], and there
was an interaction between sex and diet [F3 25=2.89, P=0.05].

Gene expression levels involved in inflammation

Defective insulin signaling, indicated by similar pAkt/tAkt % between insulin- and saline-
injected mice, might be related to tissue low-grade inflammation. Transcript levels of Cd68
and Mcp-1 in WAT, muscle, and liver were similar among all female groups. In contrast,
MRNA levels of Cd68 and Mcp-1 in WAT and muscle were higher in SFA males than chow
males, and Cd68 and Mcp-1 expression levels in WAT and Cd68 expression in muscle were
higher in MUFA males than chow males. SFA and MUFA males had greater WAT
expression of Mcp-1 and Cd68, respectively than their female counterparts. Liver expression
of Cd68 and Mcp-1 was not altered by diet in either sex. Sex affected mRNA levels of Cd68
at all tissues, while diet affected mRNA levels of Cd68 and Mcp-1 in WAT and muscle
(Table 4). There was a significant interaction between diet and sex on Mcp-1 expression in
WAT (Table 4).
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Discussion

It was thought that diets high in SFA were risk factors for, whereas diets high in UFA were
protective against, developing fatty liver and insulin resistance [15-21]. This is the first
study to our knowledge that compared sex-specific early effects of different dietary fats on
metabolism. Rapid occurrence of low-grade inflammation and insulin resistance by HFDs
were sex-specific and tissue-specific. Male HFD groups displayed insulin resistance,
whereas female HFD groups had normal liver lipid content and maintained insulin
sensitivity in most tissues without inducing tissue inflammation. Although chow and HFD
groups consumed equal amounts of calories, SFA and MUFA males had higher leptin levels
and greater lipid accumulation in WAT and liver than PUFA and chow males, suggesting
that for males, diets rich in SFA and MUFA were more lipogenic than a diet high in PUFA
or a low-fat diet. Therefore, beneficial effects of PUFA in prevention of obesity and fatty
liver were corroborated. Furthermore, within a meager span of four days, SFA males and
MUFA females displayed unhealthy lipid profiles with elevated LDL-C and lower
atherogenic index HDL/LDL, indicating high risk of CVD [31]. Thus, MUFA could be a
“healthier” type of fat with lower risk for developing CVD compared with SFA for males,
but not for females. These findings suggested that different type of dietary fatty acids
accounted for metabolic dysfunction.

Estrogens enhance lipid mobilization from fat storage, elevate lipoprotein lipase activity,
increase lipoprotein transport [32], and consequently accelerate LDL-C synthesis [33, 34].
Estrogens also up-regulate LDL-C receptors to increase LDL-C removal from circulation
[35], decrease activity of hepatic lipase and impede HDL-C degradation [36]. Thus, females
have faster rates for LDL-C synthesis and removal but slower rates for HDL-C removal than
males. One evident sex difference in lipid profile was that female HFD groups had higher
LDL-C than the male counterparts. This finding seems surprising since estrogen
replacement in postmenopausal women reduces LDL-C [37], however when fed diets with
increased fat content females have greater increases in LDL-C [38, 39] and HDL-C [38, 40]
than males. Current data also demonstrated that not all HFDs increased cholesterol, with
LDL-C increased in SFA males and SFA and MUFA females, and HDL-C increased in SFA
and PUFA females. Another evident sex difference was that females had lower FFA than
males. High plasma FFA level is implicated in the pathogenesis of insulin resistance in
humans [41]. Elevated FFA level facilitates hepatic gluconeogenesis as well as impairs
insulin-mediated glucose uptake and suppression of glucose production [42]. Insulin
sensitivity is inversely related to plasma FFA levels in healthy subjects [43]. Females had
lower FFA levels and thus were less susceptible to FFA-induced insulin resistance [23, 24].

Dietary fat could be stored in adipose tissue and/or ectopically in non-adipose tissues, a
process determined by a balance between lipid storage (lipogenesis) and utilization
(lipolysis/B-oxidation). Fatty liver is caused by an imbalance between TG assembly and
disposal [44]. The major sources of FFA for liver TG assembly are FFA derived from
plasma and FFA synthesized de novo in the liver. Increased expression of hepatic lipogenic
genes and decreased expression of genes involved in fat oxidation are reported in mice after
feeding a HFD for six [45] or eight weeks [46]. Our data clearly indicated that the source of
FFA for liver TG assembly in SFA and MUFA males was elevated FFA delivery via HPV
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(Fig 2D), rather than de novo hepatic lipogenesis, indicated by similar or reduced expression
levels of genes related to FFA synthesis (Table 2). Disposal routes for hepatic TG are fatty
acid oxidation and TG export via very low density lipoprotein (VLDL) which is then
converted to LDL-C in the bloodstream. Impaired capacity for B-oxidation was not the case
for MUFA males that displayed increased Pgcla mRNA levels, possibly a compensatory
response against further lipid accumulation. TG export via VLDL was not measured in this
study; however elevated plasma LDL-C levels in SFA and MUFA males indirectly indicated
increased TG export, which limited further lipid accumulation.

Chow groups were insulin sensitive, whereas HFD males had defective tissue insulin
signaling. In contrast, except for muscle insulin resistance in SFA females, HFD females
were insulin sensitive (Table 3 and Figs 3-5). ANOVA analysis confirmed the effects of sex
on insulin sensitivity, revealing significant sex effects at all tissues and interaction between
sex and diet in WAT and liver. Tissues of females were collected at proestus-estrus of the
ovarian cycles, a phase when female’s metabolism is mostly influenced by endogenous
estrogens [29]. Besides their roles in reproduction and sexual development, estrogens
regulate insulin sensitivity by increasing phosphorylation of insulin receptor substrate and
Akt in fat and liver [47, 48] and by activating GLUT-4 and glucose transport in muscle [49,
50], which could account for maintaining insulin sensitivity in female HFD groups. There is
a strong relationship between fatty liver and insulin resistance in humans. Increased liver TG
leads to reduced glucose uptake [51] and insulin resistance [9]. Indeed, rosiglitazone
improves insulin sensitivity by decreasing hepatic lipid content [6]. However, PUFA males
with normal liver TG had defective tissue insulin signaling. Blood glucose levels were
similar among male groups but were elevated in MUFA and PUFA females compared with
chow females, which was not correlated with defective insulin signaling in HFD males or
normal insulin signaling in MUFA and PUFA females, for reasons that are not clear.

Low-grade inflammation associated with HFD consumption is a crucial factor for obesity-
induced insulin resistance [11]. Gene expression analysis of this study indicated that rapid
recruitment of macrophages and elevated macrophage infiltration occurred most evidently in
WAT and muscle of SFA and MUFA males, although the liver could still be affected by
proinflammatory cytokines released from visceral WAT via HPV. Expression levels of
inflammatory genes were lower in WAT of females than males, possibly due to estrogens’
roles in suppressing inflammatory signaling in macrophages [52]. Our findings are
consistent with previous studies showing rapid activation in low-grade inflammation and
increased macrophage content in WAT but not in the liver after 4 days of HFD feeding [53],
and increased inflammation in WAT but not in skeletal muscle or liver after 3 days of HFD
feeding [13]. Interestingly, although inflammation was not detected in WAT or muscle of
PUFA males or in the liver of any HFD males, these tissues had reduced insulin sensitivity.
This finding suggest that the initial stage of insulin resistance might be independent of
inflammation, whereas chronic state of insulin resistance in established obesity might be
mediated by macrophage-induced proinflammatory actions. Early-onset insulin resistance in
the liver is more likely related to acute tissue lipid overload. SFA and MUFA males
displayed hepatic insulin resistance and TG accumulation without elevated hepatic
lipogenesis or inflammation, suggesting that the fatty liver vicious cycle involving lipid

Endocr J. Author manuscript; available in PMC 2014 June 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Senthil Kumar et al.

Page 10

accumulation and insulin resistance had not yet started and might be reversible during this
early phase of disease development.

Environmental factors, particularly availability of palatable and high-energy content food,
have largely impacted on the prevalence of obesity and ensued metabolic syndrome. There
is active search for alternative dietary fat due to lack of unambiguous data concerning
optimal diets. Current findings extended the existing literature in two ways. First, MUFA-
rich diet that has been deemed healthy mirrored similar lipogenic effects as SFA-rich diet
and was predisposed to cause fatty liver in males. In contrast, PUFA-rich diet did not
increase adiposity or liver TG content, denoting PUFA as a less lipogenic dietary fat.
Metabolic advantages of PUFA-rich diet were also observed from a short-term feeding
perspective, with PUFA males had relatively lower LDL-C levels and higher HDL/LDL
ratios compared with SFA group, signifying PUFA as a CVD risk-free fatty acid. Therefore,
beneficial effects of PUFA, but not MUFA, were corroborated in protection of
hyperlipidemia, fatty liver, and low-grade inflammation. Second, sex differences exist
during the initial stage of development of metabolic dysfunction. Short-term HFD feeding
increased adiposity concomitant with metabolic defects, including liver lipid accumulation,
tissue insulin resistance, rapid activation of low-grade inflammation in males. In contrast,
female HFD groups had normal liver lipid content and maintained insulin sensitivity in most
tissues without displaying tissue inflammation. Therefore, rapid occurrence of low-grade
inflammation and insulin resistance were sex-specific and tissue-specific.
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Figure 1. Body mass, gonadal white adipose tissue (WAT) mass, leptin levels, and glucose levels
of male and female mice

Daily body mass of males (A) and females (B) were analyzed by a repeated measures two-
way ANOVA (day x diet) followed by Bonferroni posttest.

Terminal body mass (C), gonadal WAT mass (D), gonadal WAT mass/body mass (E),
plasma leptin level (F), and blood glucose (G) were analyzed by a two-way ANOVA (sex x
diet) followed by Bonferroni posttest. *: Significantly different between sexes. 1:
Significantly different comparing to the same sex chow group. %: Significantly different
comparing to the same sex PUFA group.
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Figure 2. Lipid analysis of plasma samples from the hepatic portal vein and liver lipid content of
male and female mice

Plasma lipid levels, including LDL-cholesterol (LDL-C; A), HDL-cholesterol (HDL-C; B),
HDL/LDL ratio (C), free fatty acid (FFA; D), triglyceride (TG; E), and liver TG content (F)
were analyzed by a two-way ANOVA (sex x diet) followed by Bonferroni posttest. *:
Significantly different between sexes. t: Significantly different comparing to the same sex
chow group. #: Significantly different comparing to the same sex PUFA group. 8:

Significantly different comparing to the same sex SFA group.
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Figure 3. Analysis of Akt activation in adipose tissue of male and female mice
A: Percentage differences in pAkt/tAkt ratio at white adipose tissue (WAT) of insulin- vs.

saline-treated mice.

% difference = (pAkt/tAkt [insulin] - pAkt/tAkt [saline]) / average pAkt/tAkt [saline] x
100%; pAkt/tAkt [saline]: pAkt/tAkt of each saline-injected animal; pAkt/tAkt [insulin]:
pAkt/tAkt of each insulin-injected animal; average pAkt/tAkt [saline]: average of pAkt/tAkt
of all saline-injected animals from a group.

Two-way ANOVA (sex x diet) followed by Bonferroni posttest was performed. *:
Significantly different between sexes. t: Significantly different comparing to the same sex
chow group. 1: Significantly different comparing to the same sex PUFA group. B-C:
Western blot analysis of pAkt and tAkt expression in WAT of males (B) and females (C).
Representative data from one experiment shown.
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Figured4. Analysis of Akt activation in skeletal muscle of male and female mice
A: Percentage differences in pAkt/tAkt ratio in skeletal muscle of insulin- vs. saline-treated

mice.

Two-way ANOVA (sex x diet) followed by Bonferroni posttest was performed. *:
Significantly different between sexes. t: Significantly different comparing to the same sex
chow group. f: Significantly different comparing to the same sex PUFA group. 8:
Significantly different comparing to the same sex SFA group.

B-C: Western blot analysis of pAkt and tAkt expression in skeletal muscle of males (B) and
females (C). Representative data from one experiment shown.
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Figure5. Analysis of Akt activation in the liver tissue of male and female mice
A: Percentage differences in pAkt/tAkt ratio in the liver of insulin- vs. saline-treated mice.

Two-way ANOVA followed by Bonferroni posttest was performed. *: Significantly
different between sexes. 1: Significantly different comparing to the same sex chow group. :
Significantly different comparing to the same sex PUFA group.

B-C: Western blot analysis of pAkt and tAkt expression in the liver of males (B) and
females (C). Representative data from one experiment shown.
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Quantitative PCR primer sequences
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Glyceraldehyde-3-phosphate dehydrogenase (Gapdh), fatty acid synthase (Fas), acetyl co-enzyme carboxylase
(Acc), sterol-regulatory binding protein-1c (Srebp-1c), peroxisome proliferator-activated receptor gamma

coactivator 1 a (Pgcla), macrophage-specific marker (Cd68), and monocyte chemoattractant protein-1

(Mcp-1).
Genes GenBank accession number | Forward and reverse primer sequences
Gapdh NC_000072 F: 5-GCGACTTCAACAGCAACTC-3
R: 5-GCCTCTCTTGCTCAGTGTCC-3’
Fas NM_007988 F: 5-TCACCACTGTGGGCTCTGCAGAGAAGCGAG-3
R: 5-TGTCATTGGCCTCAAAAAGGGCGTCCA-¥
Acc NM_133360 F: 5-CCCAGCAGAATAAAGCTACTTTGG-3
R: 5-TCCTTTTGTGCAACTAGGAACGT-3
Srebp-1c | NM_011480 F: 5-GGCACTAAGTGCCCTCAACCT-3
R: 5-GCCACATAGATCTCTGCCAGTGT-3
Pgcla NR_027710 F:5-ATGTGTCGCCTTCTTGCTCT-%
R: 5-ATCTACTGCCTGGGGACCTT-3’
Cd68 NM_009853 F: 5-TTCTGCTGTGGAAATGCAAG-3
R: 5-AGAGGGGCTGGTAGGTTGAT-3
Mcp-1 NM_011333 F: 5-CCCAATGAGTAGGCTGGAGA-3

R: 5-TCTGGACCCATTCCTTCTTG-3
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