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Fasting and postprandial regulation of the intracellular
localization of adiponectin and of adipokines secretion by
dietary fat in rats
V Olivares-García1,2, I Torre-Villalvazo1, L Velázquez-Villegas1, G Alemán1, N Lara1,3, P López-Romero1, N Torres1, AR Tovar1

and A Díaz-Villaseñor1

BACKGROUND/OBJECTIVE: Dietary fat sources modulate fasting serum concentration of adipokines, particularly adiponectin.
However, previous studies utilized obese animals in which adipose tissue function is severely altered. Thus, the present study aimed
to assess the postprandial regulation of adipokine secretion in nonobese rats that consumed high-fat diet (HFD) composed of
different types of fat for a short time.
METHODS: The rats were fed a control diet or a HFD containing coconut, safflower or soybean oil (rich in saturated fatty acid,
monounsaturated fatty acid or polyunsaturated fatty acid, respectively) for 21 days. The serum concentrations of adiponectin,
leptin, retinol, retinol-binding protein-4 (RBP-4), visfatin and resistin were determined at fasting and after refeeding. Adiponectin
multimerization and intracellular localization, as well as the expression of endoplasmic reticulum (ER) chaperones and
transcriptional regulators, were evaluated in epididymal white adipose tissue.
RESULTS: In HFD-fed rats, serum adiponectin was significantly decreased 30min after refeeding. With coconut oil, all three
multimeric forms were reduced; with safflower oil, only the high-molecular-weight (HMW) and medium-molecular-weight (MMW)
forms were decreased; and with soybean oil, only the HMW form was diminished. These reductions were due not to modifications
in mRNA abundance or adiponectin multimerization but rather to an increment in intracellular localization at the ER and plasma
membrane. Thus, when rats consumed a HFD, the type of dietary fat differentially affected the abundance of endoplasmic
reticulum resident protein 44 kDa (ERp44), sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor-γ (PPARγ) mRNAs, all of
which are involved in the post-translational processing of adiponectin required for its secretion. Leptin, RBP-4, resistin and visfatin
serum concentrations did not change during fasting, whereas modest alterations were observed after refeeding.
CONCLUSIONS: The short-term consumption of a HFD affected adiponectin localization in adipose tissue, thereby decreasing its
secretion to a different magnitude depending on the dietary fat source. Evaluating the fasting serum concentration of adipokines was
not sufficient to identify alterations in their secretion, whereas postprandial values provided additional information as dynamic indicators.
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INTRODUCTION
Adipose tissue acts as an endocrine organ by secreting hormones
and cytokines called adipokines that exert their physiological
effects in autocrine and paracrine manners. Among the several
adipokines that are secreted by adipose tissue, adiponectin is the
most abundant adipokine.1,2

Approximately threefold more adiponectin is secreted com-
pared with most other hormones. Adiponectin has strong insulin-
sensitizing, anti-diabetic and anti-inflammatory activities.2 In
particular, adiponectin reduces the plasma levels of free fatty
acids and fat accumulation in the liver, muscle and visceral
adipose tissue and prevents pancreatic β-cell apoptosis. Further-
more, it increases hepatic insulin action, mitochondrial function
and the rate of glucose-stimulated insulin secretion, all of which
improve glucose tolerance.3,4

Adiponectin is secreted into the blood in three major forms:
low-molecular-weight (LMW) trimers, medium-molecular-weight

(MMW) hexamers and high-molecular-weight (HMW) complexes.
The HMW complex is the most active form, and it plays a role in
improving insulin sensitivity and protecting against the develop-
ment of type 2 diabetes (T2D).2 The serum levels of adiponectin
are negatively correlated with obesity and T2D, and impaired
adiponectin multimerization, particularly the selective reduction of
HMW complexes, is associated with obesity, insulin resistance, T2D
and atherosclerosis.2

Dietary management is an alternative way to increase serum
adiponectin levels, particularly through the daily intake of fish or
ω-3 or fiber supplements.5–9 However, the effect of consuming a
high-fat diet (HFD) on fasting serum adiponectin levels remains
controversial, and some evidence suggests that the fat source may
modulate the serum adiponectin content.6,8–19

The serum levels of other relevant adipokines, including leptin,
retinol-binding protein-4 (RBP-4), resistin and visfatin, are known
to increase with obesity.20 These adipokines are involved in
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different aspects of metabolism, such as regulating energy
expenditure and food intake, stimulating insulin resistance
through the impairment of insulin signaling in muscle, inducing
the expression of hepatic gluconeogenic enzymes, regulating
insulin secretion and evoking vascular and endothelial
dysfunction.1,20

The results of several studies on adipocytes, rodent adipose
tissue and human serum samples have suggested that the type of
fatty acid or dietary fat that is consumed affects the concentration
of several adipokines, including leptin, resistin and visfatin, in
addition to adiponectin.6–19,21–24 However, the biological mechan-
isms by which fatty acids regulate adipokine secretion have not
been well established. In addition, most of the studies analyzed
the serum concentration of secreted adipokines under fasting
conditions, and few studies have focused on postprandial changes
in serum adipokine levels that are relevant for understanding how
dietary components, particularly fatty acids, affect the endocrine
functions of adipose tissue. For instance, the regulation of
adiponectin secretion and multimerization in response to dietary
fat intake has not been explored. Thus, this study aimed to assess
the regulation of adiponectin secretion and multimerization
during the fasting and postprandial stages in rats fed control diet
(CD) or HFD containing different types of dietary fat (coconut,
safflower or soybean oil) with distinct proportions of saturated,
monounsaturated and polyunsaturated fatty acids for 21 days,
before the onset of obesity to avoid the influence of biochemical
abnormalities that occur as a consequence of hypertrophic
adipose tissue. In addition, we examined whether the fasting
and postprandial serum concentrations of other adipokines, such
as leptin, RBP-4, resistin and visfatin, were modified by the
experimental diets.

MATERIALS AND METHODS
Animals and diets
Male Sprague Dawley rats (Harlan Laboratories, México City, México), each
weighing ∼ 190 g, were housed in individual cages at 22 °C with a 12 h
light/dark cycle and free access to water. Six groups of 25 rats each were
given free access to one of the experimental diets without blinding
(Supplementary Table 1) for 3 days and then were fed the corresponding
experimental diet on a time-restricted schedule (8 h per day) for 18 more
days to synchronize food intake and to prevent potential variability in
adipokine secretion associated with changes in the time of food
consumption. During this period, the rats developed the habit of
consuming their food within the first 10 min after it was provided.
The CD contained 7% w/w fat (15.91% kcal from fat), as recommended

by the AIN-93G,25 and the HFD contained 21% w/w fat (36.21% kcal from fat).
The fat sources for both diets were coconut oil (70% saturated lauric and
myristic acids), safflower oil (70% monounsaturated oleic acid) or soybean
oil (63% polyunsaturated linoleic and α-linolenic acids)26 (Supplementary
Table 1). Food intake was determined daily, and body weight was
determined every other day. After 21 days of consuming the experimental
diets, each of the six groups was subdivided into five groups of five rats
each, according to previous studies.26,27 Rats in one of the five subgroups
of each experimental diet group were anesthetized using CO2 and killed by
decapitation after overnight fasting (0 min), whereas the rats in the other
subgroups were killed at 30, 60, 90 and 120min after refeeding. Blood was
collected in tubes containing a separating gel and a clot activator
(BD, Franklin Lakes, NJ, USA), and serum was obtained by centrifugation at
1000 g for 10 min and stored at − 80 °C. Epididymal adipose tissue samples
were collected and stored at − 80 °C until use for RNA or protein extraction,
and some samples were fixed in 10% phosphate-buffered formalin for
immunofluorescence analysis. The animal protocol was approved by the
Animal Care and Research Advisory Committee of the Instituto Nacional de
Ciencias Médicas y Nutrición Salvador Zubirán, Mexico City, Mexico.

Determination of serum biochemical parameters
Serum glucose levels were determined using the glucose oxidase method
with a YSI 2700 Select Biochemistry Analyzer (YSI Incorporated, Yellow
Spring, OH, USA). Serum cholesterol and triglyceride levels were

determined using enzyme-based colorimetric assay kits (DiaSys Diagnostic
System, Holzheim, Germany). Serum insulin levels were determined
using an ELISA kit (ALPCO, Salem, NH, USA). The above parameters
were analyzed in duplicate in each sample. Insulin resistance was
evaluated indirectly through the HOMA-IR (homeostatic model assessment
of insulin resistance) that was calculated as follows: [fasting glucose
(mmol l− 1) × fasting insulin (μUml− 1)]/22.5.28

Determination of serum adipokine levels
The total circulating levels of adiponectin were determined using an ELISA
kit (ALPCO), those of leptin were determined using a radioimmunoassay kit
(Millipore, St Charles, MO, USA) and those of RBP-4, resistin and visfatin
were determined using enzyme immunoassay kits (RayBiotech, Norcross,
GA, USA). The levels of each adipokine were determined in duplicate
according to the manufacturer’s instructions. Total serum adipokine
secretion was calculated from the area under the curve (AUC) of the data
obtained at fasting and during the refeeding period.

Quantitative real-time PCR
Total RNA extraction from epididymal white adipose tissue and
complementary DNA synthesis were conducted as previously
described.27 Adiponectin mRNA levels were determined by real-time
quantitative PCR using TaqMan Universal Master Mix (Applied Biosystems,
Roche, Branchburg, NJ, USA) and TaqMan fluorogenic probes
(Rn00595250_m1) (Applied Biosystems, Foster City, CA, USA) and were
normalized to the transcript levels of the hypoxanthine phosphoribosyl-
transferase (HPRT) housekeeping gene (Rn01527840_m1). The relative
amount of mRNA was calculated by the comparative CT method29,30 using
the fasting CD-soybean oil group as the calibrator sample.
Sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor-γ

(PPARγ) mRNA levels were determined by real-time quantitative PCR
using LightCycler 480 SYBR Green I Master Mix (Roche Diagnostics,
Indianapolis, IN, USA). The following primer sequences were used to
amplify mRNA: SIRT1, 5′-GCAGGTATGGACAGCAAGCA-3′ and 5′-ATATGG
ACCTATCCGTGGCCTT-3; PPARγ 5′-CGAGTCTGTGGGGATAAAGC-3′ and
5′-CCAACAGCTTCTCCTTCTCG-3′; HPRT, 5′-CTGGTGAAAAGGACCTCTCG-3′
and 5′-GGCCACATCAACAGGACTCT-3′; and cyclophilin, 5′-CGTGGGCTCC
GTTGTCTT-3′ and 5′-TGACTTTAGGTCCCTTCTTCTTATCG-3′.
The relative quantification of SIRT1 and PPARγ mRNA was based on the

primer efficiency (E = 10[− 1/slope]) and the crossing point values for each
group compared with those of the fasting CD-soybean oil group. Data are
presented as the relative transcript levels compared with the HPRT and
cyclophilin housekeeping genes, according to the equation for relative
expression.31,32 All the PCR assays were conducted in triplicate.

Western blotting
Proteins were extracted from epididymal white adipose tissue and
quantified as described previously.27 For standard western blotting,
30 μg of total protein was denatured by heating for 5 min in Laemmli
sample buffer containing β-mercaptoethanol (Bio-Rad, Hercules, CA, USA),
separated by SDS–polyacrylamide gel electrophoresis using 8% polyacry-
lamide gels and transferred to polyvinylidene difluoride membranes. The
distribution of adiponectin multimers was conducted under nonreducing
and non-denaturing conditions using 20 μg of total protein prepared from
adipose tissue or 15 μl of serum diluted 1:50 in RIPA buffer. The samples
were separated by SDS–polyacrylamide gel electrophoresis using 4–20%
polyacrylamide gels (Bio-Rad) and were transferred to polyvinylidene
difluoride membranes.
The blotted membranes were blocked for 1 h at room temperature in

5% non-fat dry milk (Bio-Rad) and then were incubated overnight at 4 °C
with the following primary antibodies: adiponectin (Millipore, Chemicon
Int.; AB3267P; diluted 1:4500), endoplasmic reticulum resident protein
44 kDa (ERp44; Cell Signaling Technology, Danvers, NA, USA; 2886; diluted
1:1000), Ero1-Lα (Santa Cruz Biotechnology, Dallas, TX, USA; sc-98354;
diluted 1:1000) or actin (Santa Cruz Biotechnology; sc-1615; diluted
1:1000). After incubation with the secondary antibodies, the blots were
developed using the enhanced chemiluminescence method with Immo-
bilon Western Chemiluminescent HRP substrate (Millipore, Billerica, MA,
USA), and the labeled bands were visualized using the ChemiDoc MP
Imaging System (Bio-Rad). Optical densitometric analysis was conducted
using ImageJ 1.42p digital imaging processing software.33 The immuno-
blotting assays were performed 4 times using independent blots.
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Immunofluorescence
Sections of epididymal white adipose tissue were deparaffinized at 60 °C
for 20min, immersed in xylene and rehydrated in a graded series of
ethanol solutions and distilled water. The sections were blocked with
Background Sniper (BS966, Biocare Medical, Concord, CA, USA) for 30min
at room temperature and then incubated with the following antibodies at
room temperature for 2 h: adiponectin (sc-26497; Santa Cruz Biotechnol-
ogy; diluted 1:100), Na+/K+ ATPase (sc-48345; Santa Cruz Biotechnology;
diluted 1:100) or oxidoreductase-protein disulfide isomerase (sc-376370;
Santa Cruz Biotechnology; diluted 1:50). The sections were incubated at
room temperature for 1 h with the following secondary antibodies,
respectively (1:500 dilution): FITC-conjugated anti-goat (205-095-108,
Jackson ImmunoResearch, West Grave, PA, USA), DyLight 549-conjugated
anti-mouse (FDM549C, Biocare Medical) or DyLight 405-conjugated anti-
mouse (115-475-003, Jackson ImmunoResearch). The images were
captured using a Leica DM750 microscope (Leica, Wetzlar, Germany).

Statistical analysis
The data are presented as mean± s.e.m. The one-sided unpaired t-test
(using Welch’s correction when the variance between the groups was
significantly different) was used to analyze the significance of the
differences between the rats fed the CD and those fed the HFD containing
each dietary oil at fasting and 30min after refeeding and of the AUC
analyses.
One-way analysis of variance followed by Tukey’s multiple comparison

test was used to analyze the differences in adiponectin secretion among
the time points (0, 30, 60, 90 and 120min) for each dietary condition.
The normality of the data distribution was evaluated using the

Kolmogorov–Smirnov test. In all cases, Po0.05 was considered significant
(GraphPad Prism 5.00, San Diego, CA, USA).

RESULTS
Weight gain, energy intake and biochemical variables
After 21 days of consuming the experimental diets, the body
weight of the rats in the three HFD groups was higher than that of
the rats in the CD groups. However, the rats fed the HFD-coconut
oil gained 25% more body weight than those fed the
corresponding CD, whereas those fed the HFD-safflower or HFD-
soybean oil gained between 6 and 8% more weight than those fed
the corresponding CD (Table 1). The food intake by the CD and
HFD groups was similar, although the rats fed the HFD ingested
almost twofold more energy from fat than those fed the CD,
independent of the type of fat consumed (Table 1). The fasting
serum glucose and cholesterol levels were not significantly
different among the groups, whereas serum insulin levels and
the HOMA-IR index were lower in rats fed HFD-coconut oil
compared with those fed the corresponding CD. However, no
significant differences were observed between the rats fed the

HFD or the CD with safflower or soybean oil. Interestingly, the rats
fed the HFD had significantly lower fasting serum triglyceride
levels compared with those fed the CD, particularly regarding the
diets containing safflower or soybean oil (Table 1).

Adiponectin secretion
In the rats fed the CD-coconut oil, a biphasic pattern of total
adiponectin secretion was observed during the 2 h postprandial
stage, and a similar trend was observed in the rats fed the CD-
safflower oil. The first peak occurred at 30 min, and the second
peak occurred at 90 min after refeeding. In contrast, in the rats
that consumed a HFD or CD rich in soybean oil, the peak occurred
at 90min after refeeding (Figure 1a). The total adiponectin
concentration at fasting and in the postprandium tended to be
lower in the rats fed the HFD compared with those fed the CD
(Figures 1a and b). Our data showed that the rats fed the HFD with
the three types of fat had lower AUC values than those fed the CD
(Figure 1b).
To evaluate the differences in the amount of the three secreted

adiponectin multimers based on the type of dietary fat, the serum
levels of these multimers were determined at 30min after
refeeding that corresponded to the time of the first peak of
serum adiponectin (Figure 1c). Interestingly, the serum level of
HMW adiponectin complexes was significantly lower in the rats
fed the HFD containing any of the three fats compared with those
fed the corresponding CD (Figures 1c and d). However, the serum
level of MMW adiponectin was lower only in the rats fed the
HFD-coconut or HFD-safflower oil compared with those fed the
corresponding CD (Figures 1c and e). The serum level of LMW
adiponectin was lower only in the rats fed the HFD-coconut oil
compared with those fed the respective CD (Figures 1c and f). The
differences in the abundance of the three major multimeric forms
of adiponectin in the various dietary groups resembled the
differences in total adiponectin levels based on the AUC analysis
(Figure 1b).

Expression and multimerization of adiponectin
The observed HFD-induced changes in adiponectin secretion
could be partly due to a decrease in adiponectin mRNA levels or
to alterations in the adiponectin multimerization process. We did
not observe significant differences in adiponectin mRNA levels
between animals fed the CD or the HFD containing any of the
three fats during fasting or at 30min after refeeding (Figure 2a).
Interestingly, total intracellular adiponectin protein levels tended
to be higher in the rats fed the HFD-coconut or HFD-soybean oil
compared with those fed the corresponding CD (Figure 2b).
Intriguingly, the total intracellular adiponectin protein content did

Table 1. Body weight, food intake and biochemical characteristics

Coconut oil Safflower oil Soybean oil

CD HFD CD HFD CD HFD

Initial weight (g) 191.7± 2.91 191.7± 2.34 187.5± 2.89 194.7± 2.33 188.9± 3.00 194.9± 2.26
Final weight (g) 251.7± 3.31 266.7± 3.25** 243.9± 2.91 258.3± 2.39*** 253.2± 3.03 268.6± 3.63**

Food intake (kcal per day) 54.15± 3.31 60.04± 3.70 54.75± 3.43 61.34± 3.60 55.87± 3.43 62.68± 3.78
Fat intake (kcal per day) 8.637± 0.52 24.40± 1.50*** 8.732± 0.54 24.93± 1.46*** 8.930± 0.55 25.47± 1.53***

Fasting glucose (mg dl− 1) 139.9± 3.56 135.4± 3.54 134.9± 2.90 134.8± 2.56 128.1± 3.01 138.3± 4.37
Fasting insulin (ngml− 1) 0.4235± 0.04 0.2504± 0.01** 0.2671± 0.02 0.3113± 0.03 0.3175± 0.05 0.3811± 0.07
HOMA-IR 3.49± 0.39 2.11± 0.19** 2.23± 0.21 2.59± 0.29 2.44± 0.41 3.06± 0.59
Fasting triglycerides (mg dl− 1) 71.27± 5.13 54.98± 2.82* 58.39± 3.22 36.29± 4.85** 53.36± 3.04 34.00± 3.32***

Fasting cholesterol (mg dl− 1) 62.56± 2.40 63.78± 3.09 70.08± 3.70 68.29± 3.95 59.20± 1.96 67.82± 4.63

Abbreviations: CD, control diet; HFD, high-fat diet; HOMA-IR, homeostatic model assessment of insulin resistance. The data are presented as mean± s.e.m.
Significant differences at *Po0.05, **Po0.01 and ***Po0.001 between rats fed the CD and those fed the corresponding HFD containing each dietary oil.
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not differ between the rats fed the HFD-safflower oil and those fed
the corresponding CD. Interestingly, adiponectin protein content
showed an inverse relationship with mRNA abundance for each
type and amount of fat, suggesting negative feedback regulation
of adiponectin expression (Figures 2a and b).
The abundance of intracellular adiponectin multimers in

adipose tissue was determined to assess whether the observed
reduction in secreted adiponectin in response to the HFD was the
result of disrupted multimerization. Except for a modest increase
in MMW adiponectin in the adipose tissue of rats fed the
HFD-soybean oil, no significant variations were observed during
fasting (Figure 2c) or at 30 min after refeeding (Figure 2d) in the
levels of HMW, MMW or LMW adiponectin multimers in adipose

tissue between rats fed the CD and those fed the respective HFD,
regardless of the type of fat.

Intracellular localization of adiponectin
The consumption of a HFD could potentially affect adiponectin
secretion by altering its intracellular localization. Our data
showed increased localization of adiponectin at the plasma
membrane of adipose tissue cells from rats fed the HFD
compared with those fed the CD, independent of the type of
dietary fat, both at fasting and 30 min after refeeding. In
particular, in the rats fed the HFD-coconut oil or, to a lesser
extent, HFD-safflower oil, adiponectin also formed cytoplasmic

Figure 1. Serum adiponectin. (a) Total serum adiponectin concentration at fasting and at 30, 60, 90 and 120min after refeeding in rats fed the
CD or the corresponding HFD containing coconut, safflower or soybean oil for 21 days. The table denotes significant differences among time
points (0, 30, 60, 90 and 120min) for each dietary condition. (b) AUC analysis of total serum adiponectin levels at fasting and at 30, 60, 90 and
120min after refeeding. (c) Representative non-denaturing immunoblot of serum adiponectin multimers at 30min after refeeding in rats fed
the CD or the HFD rich in coconut, safflower or soybean oil for 21 days; Coomassie Blue staining served as the loading control. Densitometric
analysis of (d) HMW, (e) MMW and (f) LMW adiponectin multimers in serum at 30 min after refeeding in rats fed the CD or the HFD containing
coconut, safflower or soybean oil for 21 days. The data are presented as mean± s.e.m. Significant differences at *Po0.05, ***Po0.001 and
****Po0.0001 between rats fed the CD and those fed the corresponding HFD containing each dietary oil. Different superscript letters
(a4b4c) indicate significant differences among time points (0, 30, 60, 90 and 120min) for each dietary condition.
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aggregates (Figure 3 and Supplementary Figure 1A). Moreover,
adiponectin was increased in the endoplasmic reticulum (ER)
of adipocytes from animals fed the HFD, particularly those
fed coconut and safflower oil (Figure 3 and Supplementary
Figure 1B), consistent with the observed decrease in the levels of
secreted adiponectin.

Regulation of adiponectin retention in ER
Adiponectin is retained in the ER lumen in adipocytes by binding
to the thiol ERp44 and is released for secretion by the ER
membrane-associated oxidoreductase Ero1-Lα.34–36 PPARγ
represses ERp44 expression but induces Ero1-Lα expression.35,37

In addition, the NAD-dependent deacetylase SIRT1 has been
shown to repress PPARγ by docking to its negative cofactors.38,39

Thus, SIRT activation and/or PPARγ inhibition in adipose tissue
decreased adiponectin secretion through the induction of ERp44
and/or the repression of Ero1-Lα (Supplementary Figure 2).
Interestingly, our data showed that the abundance of ERp44
increased significantly in the adipose tissue of the rats fed the
HFD-coconut oil at fasting and after refeeding or the HFD-
safflower oil only after refeeding, but no differences were
observed with soybean oil (Figures 4a and b). Accordingly, PPARγ
mRNA abundance was significantly decreased after refeeding in
the rats fed the HFD-coconut or HFD-safflower oil (Figure 4d). In
addition, SIRT1 mRNA levels were significantly increased in rats fed
the HFD compared with those fed the CD. The strongest induction
was observed in rats fed the HFD-coconut oil in both the
fasting and refed states, followed sequentially by rats fed the

HFD-safflower oil and finally those fed the HFD-soybean oil only
after refeeding (Figure 4e). These results are in agreement with the
increased localization of adiponectin in the ER (Figure 3) and the
reduction in adiponectin secretion (Figure 1). In contrast, Ero1-Lα
protein levels were not modified by diet (Figures 4a and c).

Fasting and postprandial serum concentration of other adipokines
The serum leptin concentrations in the six experimental diet
groups were similar at fasting (2.66 ± 0.11 ngml− 1) and at 2 h after
refeeding (7.50 ± 0.26 ngml− 1; Figure 5a). Nonetheless, the leptin
AUC analysis revealed a significant increase in only the rats fed
HFD-coconut oil compared with those fed the corresponding CD
(Figure 5b).
The pattern of RBP-4 secretion changed depending on the type

and concentration of fat consumed by the rats. However, a similar
concentration was reached in all of the groups at the end of the
2 h postprandial period. The rats fed the CD or HFD containing
coconut or soybean oil showed modest changes over time.
However, the rats fed HFD-safflower oil showed the greatest
increase in RBP-4 concentration at 60min after refeeding; these
levels decreased rapidly during the following 60min (Figure 5c),
resulting in an AUC that was significantly higher compared with
the other groups (Figure 5d).
The serum resistin concentration was detectable only within the

first hour after refeeding. The serum resistin concentrations at
fasting and at 60min after refeeding were similar among the
experimental groups. However, at 30 min after refeeding, the
serum resistin concentration depended on the diet. The rats fed

Figure 2. Adiponectin expression in white adipose tissue. (a) Relative abundance of adiponectin mRNA normalized to HPRT transcript levels in
epididymal white adipose tissue from rats fed the CD or the HFD containing coconut, safflower or soybean oil for 21 days at fasting (T0) and at
30min after refeeding (T30). (b) Representative immunoblot and densitometric analysis of the total intracellular adiponectin monomer
content, normalized to actin levels, in white adipose tissue from rats fed the CD or the corresponding HFD containing coconut, safflower, or
soybean oil for 21 days at fasting (T0) and at 30min after refeeding (T30). Representative non-denaturing immunoblot and densitometric
analyses of HMW, MMW and LMW adiponectin multimers in epididymal white adipose tissue from rats fed the CD and the corresponding HFD
rich in coconut, safflower, or soybean oil for 21 days at fasting (T0) (c) or at 30min after refeeding (T30) (d). Coomassie Blue staining was used
as the loading control. The data are presented as mean± s.e.m. Significant differences at *Po0.05 and **Po0.01 between rats fed the CD and
those fed the corresponding HFD containing each dietary oil.
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the HFD-coconut oil had the lowest serum resistin levels, whereas
the rats fed the HFD-safflower oil showed the highest concentra-
tion (Figure 5e), resulting in parallel changes in the AUC values
(Figure 5f). Serum visfatin levels were undetectable in all of the
rats except those fed the HFD-safflower oil at 30 min after
refeeding (0.65 ± 0.37 ngml− 1).

DISCUSSION
Alterations in circulating adipokines levels are associated with the
development of metabolic syndrome and T2D. Here, we reported
that the type and amount of dietary fat modulated the circulating
levels of adiponectin and other relevant adipokines in rats,
particularly during the postprandial period, before the onset of
significant weight gain and the development of obesity-related
insulin resistance.
We found that adiponectin secretion was particularly sensitive

to the composition and amount of dietary fat. Thus, one of the

primary events that occurred before the onset of obesity or insulin
resistance was impaired adiponectin secretion in response to the
dietary fat composition.
In our study, adiponectin secretion was lower in rats that

consumed the HFD than in those that consumed the CD, primarily
at 30 min after refeeding. In addition, the secretion patterns of
particular multimers were altered, but the decrease in adiponectin
multimers was due not to an alteration in mRNA abundance or to
the multimerization process, but rather to an accumulation of
adiponectin at the plasma membrane and ER. Interestingly, the
magnitude of this effect was dependent on the type of dietary fat
(Supplementary Figure 2).
SIRT1 and PPARγ regulate adiponectin expression in

adipocytes as well as its secretion by modulating the expression
of several ER chaperones involved in adiponectin post-
translational processing.40,41 Specifically, it has been reported that
inhibiting SIRT1 and/or activating PPARγ increases HMW adipo-
nectin secretion.35 In accordance with this finding, HFD-fed rats

Figure 3. Intracellular adiponectin localization. Representative immunofluorescence images showing the localization (merged image) of
adiponectin (green) relative to Na+/K+ ATPase, which is found at the plasma membrane (red), or to PDI, which is located in the ER (blue), in
epididymal white adipose tissue from rats fed the CD or the corresponding HFD containing coconut, safflower or soybean oil for 21 days at
fasting (T0) and at 30min after refeeding (T30); the images were captured using a × 40 objective. At each upper left corner, a magnified image
of the representative findings is shown. Scale bar, 50 μm.
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showed an increase in SIRT1 expression and a decrease in PPARγ
expression, leading to increased ERp44 content that was
associated with increased localization of adiponectin at the ER
and reduced adiponectin secretion, particularly regarding the
HMW complex (Supplementary Figure 2). These results support
the hypothesis that in adipose tissue, SIRT1 acts in concert with
lipid-regulating transcription factors to adapt adipocyte metabo-
lism to changes in nutrient availability.39

Interestingly, studies have shown that a HFD reduces SIRT1
expression.42 In mice made obese by the consumption of a HFD
(17 weeks) and in db/db diabetic mice, the serum adiponectin
concentration and adiponectin mRNA levels in adipose tissue are
markedly lower than those in lean mice.40 In the present study, we
did not observe changes in adiponectin mRNA abundance, but
SIRT1 mRNA content was higher in the HFD-fed animals. The
discrepant results appear to depend on the duration of HFD
consumption, but our study aimed to assess differences in

adipocyte metabolic functions in response to a HFD before the
onset of significant weight gain. Although Ero1-Lα is involved in
the release of adiponectin from the chaperone ERp44 and is
regulated at the expression level by SIRT1 and PPARγ,35,37 we did
not observe a change in Ero1-Lα expression.
The fasting serum adiponectin concentration decreases in mice

fed a HFD containing different oils, including lard, olive, sunflower
or canola oil, for 10 weeks, and this change is accompanied by
insulin resistance.11 These authors reported that only mice that
consumed lard as the fat source developed more subcutaneous
and visceral (epididymal, retroperitoneal and perirenal) adipose
tissue mass compared with those fed a CD, particularly by an
increase in hypertrophic adipocytes in epididymal fat.11 In fact,
gonadal visceral adipose tissue is one of the largest adipose
depots in rodents and is specifically increased in animals fed a
cafeteria diet.43 Interestingly, fish oil increases adiponectin mRNA
abundance in a dose-dependent manner in epididymal but not in

Figure 4. Regulation of adiponectin retention in the ER. Representative immunoblot (a) and densitometric analysis of ERp44 (b) and Ero1-Lα
(c) in epididymal white adipose tissue from rats fed the CD or the corresponding HFD containing coconut, safflower or soybean oil for 21 days
at fasting (T0) and at 30min after refeeding (T30). Relative mRNA abundance of PPARγ (d) and SIRT1 (e) normalized to HPRT and cyclophilin
transcript levels in epididymal white adipose tissue from rats fed the CD or the HFD containing coconut, safflower or soybean oil for 21 days at
fasting (T0) and at 30 min after refeeding (T30). The data are presented as mean± s.e.m. Significant differences at *Po0.05 and **Po0.01
between rats fed the CD and those fed the corresponding HFD containing each dietary oil.

Regulation of adiponectin secretion by dietary fat
V Olivares-García et al

7

Nutrition & Diabetes (2015) 1 – 10



subcutaneous adipose tissue in mice.44 However, future research
is necessary to understand how dietary fat affects the regulation
of adiponectin secretion in adipose depots other than the
epididymal depot.
Because low circulating adiponectin concentrations are asso-

ciated with insulin resistance and metabolic syndrome,2,3 the
identification of dietary constituents that alter serum adiponectin
levels, not only at fasting but also during the postprandium, is of
great clinical interest. We demonstrated that postprandial
adipokines stimulation is influenced by specific dietary compo-
nents, in particular by the fatty acid composition of specific oils.
This finding is supported by other studies that showed that
treating 3T3-L1 adipocytes and human primary adipocytes with
long chain ω-3 fatty acids increases adiponectin release45,46 and
that feeding fish oil to mice for 15 days increases the postprandial
plasma adiponectin concentration by two- to threefold, particu-
larly through PPARγ.44 In humans, supplementation with 4 g
per day of ω-3 fatty acids for 8 weeks increases adiponectin
fasting serum levels in patients with coronary artery disease,47 and
an acute intake of a walnut-enriched meal, which is a good source
of ω-3 polyunsaturated fatty acid, also increases postprandial
adiponectin release compared with butter- or olive oil-rich meals
in healthy young adults.48

It is important to emphasize that our results provide evidence
that evaluating only fasting adipokine levels does not necessarily
reveal adipose tissue dysfunction and that postprandial adipokine

levels are required as dynamic indicators of adipose tissue
functionality; this is similar to what has been observed for serum
glucose concentrations in prediabetic subjects, in whom impaired
glucose tolerance has a higher sensitivity than impaired fasting
glucose for predicting progression to T2D.49,50

In conclusion, the type of dietary fat consumed for a short
period in an adequate proportion had a minimal or no effect on
the serum levels of adiponectin or other adipokines during fasting
or the postprandium. In contrast, consuming a HFD for a few
weeks modified the pattern of adipokines secretion, particularly
that of adiponectin. Thus, a HFD containing coconut oil, which is
predominantly composed of saturated lauric and myristic acids,
decreased adiponectin and resistin secretion and increased leptin
secretion. A high consumption of safflower oil, which mainly
consists of monounsaturated oleic acid, increased serum RBP-4
and resistin levels but decreased serum adiponectin levels.
Interestingly, the HFD with soybean oil, which primarily contains
polyunsaturated linoleic and α-linolenic acids,26 induced modest
changes in the serum adipokine concentration. Further studies are
required to understand the molecular mechanisms by which the
type of dietary fatty acid regulates the secretion of adipokines
during the postprandium.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

Figure 5. Serum levels of leptin, RBP-4 and resistin. Serum levels and AUC values for leptin (a, b), RBP-4 (c, d) and resistin (e, f) at fasting and at
30, 60, 90 and 120min after refeeding in rats fed the CD or the HFD rich in coconut, safflower or soybean oil for 21 days. The data are
presented as mean± s.e.m. Significant differences at *Po0.05, **Po0.01 and ***Po0.001 between rats fed the CD and those fed the
corresponding HFD containing each dietary oil.

Regulation of adiponectin secretion by dietary fat
V Olivares-García et al

8

Nutrition & Diabetes (2015) 1 – 10



ACKNOWLEDGEMENTS
We are grateful for the assistance of Dr Lilia G Noriega. We acknowledge the financial
support of CONACYT Mexico (Grant 0154126 to A Díaz-Villaseñor) and the technical
assistance of Red de Apoyo a la Investigación (RAI, México) and Dr Salas-Benito (IPN,
México).

REFERENCES
1 Frigolet MEV-V, Torres N, Tovar AR. White adipose tissue as endocrine organ and

its role in obesity. Arch Med Res 2008; 39: 715–728.
2 Liu M, Liu F. Regulation of adiponectin multimerization, signaling and function.

Best Pract Res Clin Endocrinol Metab 2014; 28: 25–31.
3 Knights AJ, Funnell AP, Pearson RC, Crossley M, Bell-Anderson KS. Adipokines and

insulin action: a sensitive issue. Adipocyte 2014; 3: 88–96.
4 Moreno-Aliaga MJ, Lorente-Cebrian S, Martinez JA. Regulation of adipokine

secretion by n-3 fatty acids. Proc Nutr Soc 2010; 69: 324–332.
5 Silva FM, de Almeida JC, Feoli AM. Effect of diet on adiponectin levels in blood.

Nutr Rev 2011; 69: 599–612.
6 Nagao K, Inoue N, Wang YM, Yanagita T. Conjugated linoleic acid enhances

plasma adiponectin level and alleviates hyperinsulinemia and hypertension in
Zucker diabetic fatty (fa/fa) rats. Biochem Biophys Res Commun 2003; 310:
562–566.

7 Lefils-Lacourtablaise J, Socorro M, Geloen A, Daira P, Debard C, Loizon E et al.
The eicosapentaenoic acid metabolite 15-deoxy-delta(12,14)-prostaglandin J3
increases adiponectin secretion by adipocytes partly via a PPARgamma-
dependent mechanism. PLoS One 2013; 8: e63997.

8 Flachs P, Mohamed-Ali V, Horakova O, Rossmeisl M, Hosseinzadeh-Attar MJ,
Hensler M et al. Polyunsaturated fatty acids of marine origin induce adiponectin
in mice fed a high-fat diet. Diabetologia 2006; 49: 394–397.

9 Shirouchi B, Nagao K, Furuya K, Nagai T, Ichioka K, Tokairin S et al.
Physiological functions of iso-type short-chain fatty acid and omega 3 poly-
unsaturated fatty acids containing oil in obese OLETF rats. J Oleo Sci 2010; 59:
299–305.

10 von Frankenberg AD, Silva FM, de Almeida JC, Piccoli V, do Nascimento FV,
Sost MM et al. Effect of dietary lipids on circulating adiponectin: a systematic
review with meta-analysis of randomised controlled trials. Br J Nutr 2014; 112:
1235–1250.

11 Catta-Preta M, Martins MA, Cunha Brunini TM, Mendes-Ribeiro AC, Mandarim-de-
Lacerda CA, Aguila MB. Modulation of cytokines, resistin, and distribution of
adipose tissue in C57BL/6 mice by different high-fat diets. Nutrition 2012; 28:
212–219.

12 Bueno AA, Oyama LM, de Oliveira C, Pisani LP, Ribeiro EB, Silveira VL et al.
Effects of different fatty acids and dietary lipids on adiponectin gene expression
in 3T3-L1 cells and C57BL/6 J mice adipose tissue. Pflugers Arch 2008; 455:
701–709.

13 Tishinsky JM, De Boer AA, Dyck DJ, Robinson LE. Modulation of visceral fat
adipokine secretion by dietary fatty acids and ensuing changes in skeletal muscle
inflammation. Appl Physiol Nutr Metab 2014; 39: 28–37.

14 Lasa A, Churruca I, Simon E, Macarulla MT, Fernandez-Quintela A, Rodriguez VM
et al. Effects of high-fat high-sucrose feeding, energy restriction, and trans-10,
cis-12 conjugated linoleic acid on visfatin and apelin in hamsters. J Am Coll Nutr
2009; 28: 627–635.

15 Graf D, Barth SW, Bub A, Narr J, Rufer CE, Watzl B et al. Dietary fat quality in regular
fat diets has minor effects on biomarkers of inflammation in obese Zucker rats.
Eur J Nutr 2014; 53: 211–219.

16 Fernandez-Real JM, Vendrell J, Ricart W. Circulating adiponectin and plasma fatty
acid profile. Clin Chem 2005; 51: 603–609.

17 Jimenez-Gomez Y, Cruz-Teno C, Rangel-Zuniga OA, Peinado JR, Perez-Martinez P,
Delgado-Lista J et al. Effect of dietary fat modification on subcutaneous white
adipose tissue insulin sensitivity in patients with metabolic syndrome. Mol Nutr
Food Res 2014; 58: 2177–2188.

18 Stryjecki C, Mutch DM. Fatty acid-gene interactions, adipokines and obesity.
Eur J Clin Nutr 2011; 65: 285–297.

19 Bienertova-Vasku J, Novak J, Zlamal F, Forejt M, Havlenova S, Jackowska A et al.
The prediction role of indexes of circulating adipokines for common anthropo-
metric and nutritional characteristics of obesity in the obese Central European
population. Eat Behav 2014; 15: 244–251.

20 Leal Vde O, Mafra D. Adipokines in obesity. Clin Chim Acta 2013; 419: 87–94.
21 Karki S, Chakrabarti P, Huang G, Wang H, Farmer SR, Kandror KV. The multi-level

action of fatty acids on adiponectin production by fat cells. PLoS One 2011; 6:
e28146.

22 Lorente-Cebrian S, Bustos M, Marti A, Martinez JA, Moreno-Aliaga MJ.
Eicosapentaenoic acid stimulates AMP-activated protein kinase and increases
visfatin secretion in cultured murine adipocytes. Clin Sci (Lond) 2009; 117:
243–249.

23 Perez-Echarri N, Perez-Matute P, Marcos-Gomez B, Martinez JA,
Moreno-Aliaga MJ. Effects of eicosapentaenoic acid ethyl ester on visfatin and
apelin in lean and overweight (cafeteria diet-fed) rats. Br J Nutr 2009; 101:
1059–1067.

24 Prostek A, Gajewska M, Kamola D, Balasinska B. The influence of EPA and DHA on
markers of inflammation in 3T3-L1 cells at different stages of cellular maturation.
Lipids Health Dis 2014; 13: 3.

25 Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 purified diets for laboratory
rodents: final report of the American Institute of Nutrition ad hoc writing
committee on the reformulation of the AIN-76 A rodent diet. J Nutr 1993; 123:
1939–1951.

26 Tovar AR, Diaz-Villasenor A, Cruz-Salazar N, Ordaz G, Granados O, Palacios-
Gonzalez B et al. Dietary type and amount of fat modulate lipid metabolism gene
expression in liver and in adipose tissue in high-fat diet-fed rats. Arch Med Res
2011; 42: 540–553.

27 Diaz-Villasenor A, Granados O, Gonzalez-Palacios B, Tovar-Palacio C,
Torre-Villalvazo I, Olivares-Garcia V et al. Differential modulation of the
functionality of white adipose tissue of obese Zucker (fa/fa) rats by the
type of protein and the amount and type of fat. J Nutr Biochem 2013; 24:
1798–1809.

28 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 1985; 28:
412–419.

29 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001; 25:
402–408.

30 Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C
(T) method. Nat Protoc 2008; 3: 1101–1108.

31 Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res 2001; 29: e45.

32 Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable
housekeeping genes, differentially regulated target genes and sample integrity:
BestKeeper--Excel-based tool using pair-wise correlations. Biotechnol Lett 2004;
26: 509–515.

33 Rasband W ImageJ. 1.44n9 ed: National Institutes of Health, USA 1997.
34 Wang ZV, Schraw TD, Kim JY, Khan T, Rajala MW, Follenzi A et al.

Secretion of the adipocyte-specific secretory protein adiponectin critically
depends on thiol-mediated protein retention. Mol Cell Biol 2007; 27:
3716–3731.

35 Qiang L, Wang H, Farmer SR. Adiponectin secretion is regulated by SIRT1 and the
endoplasmic reticulum oxidoreductase Ero1-L alpha. Mol Cell Biol 2007; 27:
4698–4707.

36 Wolf G. New insights into thiol-mediated regulation of adiponectin secretion. Nutr
Rev 2008; 66: 642–645.

37 Long Q, Lei T, Feng B, Yin C, Jin D, Wu Y et al. Peroxisome proliferator-activated
receptor-gamma increases adiponectin secretion via transcriptional repression of
endoplasmic reticulum chaperone protein ERp44. Endocrinology 2010; 151:
3195–3203.

38 Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of metabolism and
healthspan. Nat Rev Mol Cell Biol 2012; 13: 225–238.

39 Schug TT, Li X. Sirtuin 1 in lipid metabolism and obesity. Ann Med 2011; 43:
198–211.

40 Qiao L, Shao J. SIRT1 regulates adiponectin gene expression through
Foxo1-C/enhancer-binding protein alpha transcriptional complex. J Biol Chem
2006; 281: 39915–39924.

41 Liu M, Liu F. Up- and down-regulation of adiponectin expression and multi-
merization: mechanisms and therapeutic implication. Biochimie 2012; 94:
2126–2130.

42 Chalkiadaki A, Guarente L. High-fat diet triggers inflammation-induced cleavage
of SIRT1 in adipose tissue to promote metabolic dysfunction. Cell Metab 2012; 16:
180–188.

43 Bjorndal B, Burri L, Staalesen V, Skorve J, Berge RK. Different adipose depots: their
role in the development of metabolic syndrome and mitochondrial response to
hypolipidemic agents. J Obes 2011; 2011: 490650.

44 Neschen S, Morino K, Rossbacher JC, Pongratz RL, Cline GW, Sono S et al.
Fish oil regulates adiponectin secretion by a peroxisome proliferator-
activated receptor-gamma-dependent mechanism in mice. Diabetes 2006; 55:
924–928.

45 DeClercq V, d'Eon B, McLeod RS. Fatty acids increase adiponectin secretion
through both classical and exosome pathways. Biochim Biophys Acta 2015; 1851:
1123–1133.

46 Romacho T, Glosse P, Richter I, Elsen M, Schoemaker MH, van Tol EA et al.
Nutritional ingredients modulate adipokine secretion and inflammation in human
primary adipocytes. Nutrients 2015; 7: 865–886.

Regulation of adiponectin secretion by dietary fat
V Olivares-García et al

9

Nutrition & Diabetes (2015) 1 – 10



47 Ramezani A, Koohdani F, Djazayeri A, Nematipour E, Keshavarz SA,
Saboor-Yaraghi AA et al. Effects of administration of omega-3 fatty acids with or
without vitamin E supplementation on adiponectin gene expression in PBMCs
and serum adiponectin and adipocyte fatty acid-binding protein levels in male
patients with CAD. Anatol J Cardiol 2015; e-pub ahead of print 2 April 2015; doi:10.
5152/akd.2015.5849.

48 Lozano A, Perez-Martinez P, Marin C, Tinahones FJ, Delgado-Lista J, Cruz-Teno C
et al. An acute intake of a walnut-enriched meal improves postprandial adipo-
nectin response in healthy young adults. Nutr Res 2013; 33: 1012–1018.

49 Shaw JE, Zimmet PZ, de Courten M, Dowse GK, Chitson P, Gareeboo H et al.
Impaired fasting glucose or impaired glucose tolerance. What best predicts future
diabetes in Mauritius? Diabetes Care 1999; 22: 399–402.

50 Nathan DM, Davidson MB, DeFronzo RA, Heine RJ, Henry RR, Pratley R et al.
Impaired fasting glucose and impaired glucose tolerance: implications for care.
Diabetes Care 2007; 30: 753–759.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies this paper on the Nutrition & Diabetes website (http://www.nature.com/nutd)

Regulation of adiponectin secretion by dietary fat
V Olivares-García et al

10

Nutrition & Diabetes (2015) 1 – 10

http://10.5152/akd.2015.5849
http://10.5152/akd.2015.5849
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Fasting and postprandial regulation of the intracellular localization of adiponectin and of adipokines secretion by dietary fat in�rats
	Introduction
	Materials and methods
	Animals and diets
	Determination of serum biochemical parameters
	Determination of serum adipokine levels
	Quantitative real-time PCR
	Western blotting
	Immunofluorescence
	Statistical analysis

	Results
	Weight gain, energy intake and biochemical variables
	Adiponectin secretion
	Expression and multimerization of adiponectin

	Table 1 Body weight, food intake and biochemical characteristics
	Intracellular localization of adiponectin

	Figure 1 Serum adiponectin.
	Regulation of adiponectin retention in ER
	Fasting and postprandial serum concentration of other adipokines

	Figure 2 Adiponectin expression in white adipose tissue.
	Discussion
	Figure 3 Intracellular adiponectin localization.
	Figure 4 Regulation of adiponectin retention in the ER.
	We are grateful for the assistance of Dr Lilia G Noriega. We acknowledge the financial support of CONACYT Mexico (Grant 0154126 to A D&#x000ED;az-Villase&#x000F1;or) and the technical assistance of Red de Apoyo a la Investigaci&#x000F3;n (RAI, M&#x000E9;x
	Figure 5 Serum levels of leptin, RBP�-�4 and resistin.
	We are grateful for the assistance of Dr Lilia G Noriega. We acknowledge the financial support of CONACYT Mexico (Grant 0154126 to A D&#x000ED;az-Villase&#x000F1;or) and the technical assistance of Red de Apoyo a la Investigaci&#x000F3;n (RAI, M&#x000E9;x
	ACKNOWLEDGEMENTS
	REFERENCES




