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Abstract

Consumption of a high-fat diet (HFD) in experimental animal models initiates a series of
molecular events and outcomes, including insulin resistance and obesity, that mimic the metabolic
syndrome in humans. The relationship among, and order of, the molecular events linking a diet
high in fat to pathologies is often unclear. In the present study, we provide several novel insights
into the relationship between a HFD and AMP-activated protein kinase (AMPK), a key regulator
of cellular metabolism and whole-body energy balance. HFD substantially decreased the activities
of both iso-forms of AMPK in white adipose tissue, heart, and liver. These decreases in AMPK
activity occurred in the absence of decreased AMPK transcription, systemic inflammation,
hyperglycemia, or elevated levels of free fatty acids. The HFD-induced decrease in AMPK
activity was associated with systemic insulin resistance and hyperleptinemia. In blood, >98 % of
AMPK activity was localized in agranulocytes as the a1 isoform. In contrast to the solid tissues
studied, AMPK activities were not altered by HFD in granulocytes or agranulocytes. We conclude
that HFD-induced obesity causes a broad, non-tissue, or isoform-specific lowering of AMPK
activity. Given the central position AMPK plays in whole-body energy balance, this decreased
AMPK activity may play a previously unrecognized role in obesity and its associated pathologies.
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Introduction

Methods

Animals

The World Health Organization considers obesity to be one of the most prevalent epidemics
of this century, with incidents more than doubling since 1980 [54]. Obesity reflects a state of
energy imbalance resulting from a combination of excessive energy intake and inadequate
energy expenditure, often leading to insulin resistance, type 1l diabetes, and systemic
inflammation [48, 57].

AMP-activated protein kinase (AMPK) has been studied for more than two decades as a
master regulator of energy balance. A large array of intracellular processes are regulated in
part by AMPK, including the cellular uptake of glucose and free fatty acids (FFAS), cell
cycling, mRNA stability, and apoptosis [8, 19-21]. Additionally, recent data indicate that
AMPK plays a more global role, regulating multiple aspects of whole-body energy balance
including appetite, insulin sensitivity, and the actions of adipokines/cytokines [23, 25, 34,
53].

Due to the central role of AMPK in regulating these facets of energy balance, it is not
surprising that alterations in AMPK have been implicated in the onset of obesity and
metabolic syndrome [35, 41, 42]. The activation of AMPK is thought to play a role in some
of the beneficial effects of common treatments for obesity, including exercise, caloric
restriction, and the anti-diabetic compounds such as metformin and thiazolidinediones [10,
31, 55]. Furthermore, AMPK is required for the resveratrol-dependent increases in insulin
sensitivity and weight loss in high-fat diet (HFD)-fed mice, as illustrated by a study using
the a1AMPK knockout mouse model [51]. Thus, multiple lines of evidence suggest a link
between AMPK activity and the pathogenesis of obesity as well as its treatment.

Despite the critical role AMPK plays in cellular and whole-body energy balance, the effect
of a HFD, a major cause of obesity and its comorbidities [14, 22, 39, 56], on AMPK has not
been comprehensively studied. To date, the effect of a HFD [14, 22, 39, 56] on AMPK has
most frequently been studied in a single tissue type, usually in liver and/or skeletal muscle,
using immunoblots. These types of studies have yielded inconsistent results, some reporting
decreased AMPK activity [3, 5, 12, 18, 27, 28, 35] while others reporting increased or no
change in activity [5, 49].

Therefore, the goals of this study were to determine the effect of HFD-induced obesity in
rats on the activity of both isoforms (a1 and a.2) of the catalytic subunit of AMPK in four
tissues important in the regulation of whole-body energy balance: white adipose tissue
(WAT), brown adipose tissue (BAT), liver, and heart. Because AMPK has been implicated
as a mediator of the inflammatory response [44, 59], AMPK activities were also measured in
granulocyte and agranulocytes. Finally, serum markers of nutrient status and inflammatory
state were measured to assess their relationships to HFD-induced changes in AMPK activity.

Eight-week old, adult, sexually mature, male Sprague—Dawley rats were purchased from
Harlan Laboratories (/7=16) and housed at a University of Wisconsin Animal Care Facility.
The facilities and research protocols were approved by the University of Wisconsin

J Physiol Biochem. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lindholm et al.

Page 3

Institutional Animal Care and Use Committee. After acclimatization, half the rats were fed a
standard chow diet (3 kcal/g, 14 % calories from fat, 32 % calories from protein, 54 %
calories from carbohydrate; 8604 Teklad rodent diet, Harlan) and the other half fed a high-
fat diet (5.25 kcal/g, 60 % calories from fat, 20 % calories from protein, 20 % calories from
carbohydrate; Open Source Diets D12492) for 18 weeks. Eighteen weeks was chosen based
on the different lengths of time used in previous studies [2, 15, 17]. Each rat was singly
caged and had unrestricted access to food and water. Rats underwent an 18-h fasting period
prior to Killing.

Blood glucose was measured using a glucometer (OneTouch UltraMini, Lifescan) and blood
from a tail snip of anesthetized rats just prior to killing. Blood was collected via cardiac
puncture from rats under deep CO» anesthetization: one sample with a non-heparinized
syringe for serum isolation and a second sample with a heparinized syringe for blood
fractionation. Rats were then killed via carbon dioxide asphyxiation. Interscapular brown
adipose tissue liver, heart, and epididymal fat pads were rapidly collected. The heart and
liver were frozen in liquid nitrogen and stored at —80 °C until analyzed. The white adipose
tissue was separated into two sections: one frozen in liquid nitrogen and the second fixed in
4 % paraformaldehyde (PFA) and stored at 4 °C for histological analysis.

Serum isolation and measurement of FFA, cytokine, insulin, and leptin

Non-heparinized blood was allowed to clot at room temperature for 30 min. Samples were
centrifuged and the supernatant was collected as serum and frozen at —80 °C until analyzed.
Serum leptin, insulin, FFA, IL-6, and TNFa concentrations were measured via ELISA Kits
(Millipore for leptin and insulin, BioVision for FFA, and Thermo Scientific for IL-6 and
TNFa) following the manufacturers’ instructions.

Blood fractionation

Three milliliters of heparinized blood was fractionated using Accuspin System Histopaque
1077 (cat no. A6929, Sigma-Aldrich) following the manufacturer’s protocol. Briefly, blood
was applied to the Histopaque column and centrifuged at 1,000x g for 15 min at room
temperature. The layer above the frit (the agranulocyte fraction) was removed and 1 ml of
red blood cell (RBC) Lysis Buffer (cat no. R7757, Sigma-Aldrich) was added. Cells were
agitated for 2 min, centrifuged at 1,000x g for 10 min at 4 °C, resuspended in 500 p.I of
phosphate-buffered saline (PBS), and analyzed using a hemocytometer (Fisher Scientific) to
determine the total cell number and the number of granulocytes and agranulocytes in each
sample. The cell pellet from the Histopaque column was collected and resuspended in 50 ml
of the RBC Lysis Buffer Il (8.3 g/L NH4Cl in 0.01 M Tris—HCI buffer), agitated for 5 min,
and centrifuged at 1,000xg for 10 min at 4 °C. The pellet and dense layer were collected
along with 3-4 ml supernatant. The RBC Lysis Buffer was added to bring the volume to 15
ml. The mixture was agitated, centrifuged at 1,000xg for 10 min at 4 °C, and repeated. The
pellet (granulocyte fraction) was collected, resuspended in 500 .l of PBS, and analyzed
using a hemocytometer (Fisher Scientific) to determine the total cell number and the number
of granulocytes and agranulocytes in each sample.

AMPK activity assay

AMPK activity was measured as previously described [38] and expressed as picomoles of
phosphate incorporated per minute per milligram of homogenate protein. Briefly, tissue and
cell pellets were homogenized in the presence of protease inhibitors and phosphatase
inhibitors. Of the total protein from the resulting supernatant, 20 g was
immunoprecipitated with protein A/G agarose beads (Santa Cruz Biotech) and antibodies
against either the a1 (Santa Cruz Biotech) or a2 (raised against the a2 AMPK peptide C-
DDSAMHIPPGLKPHP) catalytic subunits of AMPK overnight at 4 °C. For cellular blood
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fractions, protein from 100,000 cells was immunoprecipitated. The beads containing the
immunoprecipitated AMPK were washed, resuspended in reaction buffer with 0.5 mM
SAMS peptide [8] and 0.2 mM [y-32P] ATP, and incubated for 10 min at 37 °C in a
thermomixer in the presence of 200 mM AMP. After incubation, the beads were quickly
pelleted and a portion of each supernatant was spotted on a P-81 phosphocellulose paper
washed in 1 % phosphoric acid, then washed in acetone and air-dried. The incorporated
radioactivity was counted in a TriCarb 3000 beta scintillation counter.

Quantitative real-time PCR

Histology

Statistics

Results

RNA was isolated from the tissues according to the specifications of the Invitrogen
PureLink RNA Mini Kit (12183018A). The RNA concentrations were determined using the
NanoDrop ND-1000 spectrophotometer. The RNA was converted to cDNA using the
AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies, 600559). cDNA was then
used with the Brilliant 1l SYBER Green QPCR Master Mix (Agilent Technologies, 600828)
and a1l AMPK (F 5'-GGG ATC CAT CAG CAA CTA TCG, R5'-GGG AGG TCA CGG
ATC AGG), a2 AMPK (F5’-TCG CAG TGG CTT ATC ATC TC, R5'-TGT CGT ATG
GTT TGC TCT GG), and GAPDH (F5’-TGC ACC ACC AAC TGC TTA GC, R5’-GGC
ATG GAC TGT GGT CAT GAG) primers and ran on an Agilent Technologies Stratagene
Mx3005P. The relative amounts of mMRNAs were calculated by the comparative Gy method
using GAPDH as the reference. The data are expressed as the fold change of the HFD group
compared to the control, with pvalues determined by #test of the A Gy values [6, 61]. Gy
values were from eight animals/group using duplicates performed at the cDNA synthesis
step for each animal.

Histological samples were processed at the TRIP Histology Lab (University of Wisconsin—
Madison). Fixed tissue samples were embedded in paraffin, sliced into 5-um-thick sections,
stained with hematoxylin and eosin, and the adipocyte diameter measured using Micron
(Westover Scientific) software.

To assess the effects of a high-fat diet, group comparisons were made using a Student’s #test
when possible. A pvalue <0.05 was considered statistically significant. All data are
expressed as the mean + SE.

Rats were divided into two groups and fed either a control or a high-fat diet. Food intake and
body weight were monitored weekly for 18 weeks, as shown in Fig. 1. A steady increase in
body weight over the 18 weeks was seen for both control and HFD. At the time of killing,
the body weight of the HFD group was approximately 10 % higher than the controls
(0<0.05, Fig. 1a). Although the control animals consumed more grams of food (p<0.001,
Fig. 1c), the kilocalories consumed were essentially equal between the two groups (£>0.05,
Fig. 1b).

The amount of subscapular BAT and epididymal fat pad WAT was approximately twice as
high in HFD rats compared to the controls (p<0.001, Fig. 2a for BAT; p<0.05, Fig. 2b for
WAT). The heart weight of HFD animals also tended to be higher (p=0.07; Fig. 2c). As
expected in this model, adipocyte diameter was significantly increased by the HFD
(p<0.0001, Fig. 3).
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In addition to the effect of HFD on body weight and tissue weights, other hallmarks of a
HFD regimen were observed. Leptin levels were over threefold higher in the HFD rats than
in the controls (p<0.001, Fig. 4a). While glucose and FFAs were not significantly elevated
in the HFD rats (p>0.05, Fig. 4b, c¢), insulin was increased nearly threefold, suggesting that
the HFD rats had developed a moderate degree of insulin resistance (p<0.001, Fig. 4a).

To determine whether a systemic inflammatory response was present in the HFD group, as
often occurs during obesity [47, 48, 57], the serum concentrations of TNF-a and 1L-6 were
measured via ELISA. In the two groups of rats, the serum concentrations of both cytokines
were below the lower limit of detection of the cytokine kits (15 pg/ml; data not shown).

To assess how HFD affects AMPK activity, the enzymatic activities of the a1 and a2
isoforms of AMPK were measured in BAT, WAT, liver, heart, and blood. As shown in Fig.
5a, the activity of a1l AMPK was significantly lower in the HFD group in WAT (p<0.001),
liver (p<0.05), and the heart (p< 0.05) than in the controls. In WAT, this represented a
nearly 50 % lower al AMPK activity in the HFD group. The decreases were approximately
15 and 25 % for the liver and the heart, respectively. For BAT, comparing HFD to the
control tissues yielded a pvalue of 0.11. The activity of a2 AMPK in BAT, the liver, and
the heart were significantly lower in the HFD group (27, 13, and 29 %, respectively, p<0.01
for each; Fig. 5b). It should be noted that the a2 AMPK activity in WAT is so low that it is
nearly undetectable. These HFD-induced decreases in AMPK activity were unlikely due to
the decreased expression of mMRNA for WAT, BAT, and the liver since they showed no
decreases in mRNA. However, in the heart, HFD decreased the mRNA expression of a.l
AMPK (p<0.05, Fig. 6) with a trend toward a decreased expression of a2 AMPK (£=0.08,
Fig. 6).

Because AMPK has been linked to inflammatory as well as survival pathways in white
blood cells [44, 59], its activity was measured not only in whole blood but also in white
blood cell fractions enriched for granulocytes (79-85 % granulocytes) and agranulocytes
(>99 % agranulocytes; Fig. 7a, b). In whole blood, AMPK activities were very low, but
measurable (Fig. 7a, b). These very low levels of AMPK in whole blood are likely because
AMPK is presented as activity per milligram of protein, and the protein-rich red blood cells
have little, if any, AMPK activity (data not shown). We did note that in whole blood, a2
AMPK activity, while barely measurable, was significantly lower in the HFD group without
there being significantly less AMPK activity in either blood fraction. This can be attributed
to the difference in scales on which the whole blood and agranulocytes are plotted in that the
whole blood from the HFD group was approximately 0.5 pmol min~ mg=2 protein less than
the controls, whereas in the HFD group the agranulocytes had approximately 20 pmol min=1
mg~2 protein less than the a2 AMPK activity. This was not statistically significant because
of the larger variability. The agranulocyte fraction (lymphocytes and monocytes) contained
97-99 % of the total a1 and a2 AMPK activities in each of the groups of rats. Unlike the
solid tissues studied, there was no effect of HFD on the AMPK activity in the blood cell
fractions. HFD had no significant effect on the total white blood cell count (4.5 vs. 4.2
million cells per milliliter of whole blood, p=0.58).

Discussion

In humans as well as in experimental animal models, consuming a diet high in fat initiates a
series of molecular events often leading to elements of metabolic syndrome, including
insulin resistance and obesity [14, 22, 39, 56]. The relationship among the molecular events
linking a diet high in fat to pathologies is often unclear. In the present study, we provide
novel insights into the relationship between a HFD and a key regulator of cellular
metabolism and whole-body energy balance, AMPK. We found that HFD decreased the
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activity of both isoforms of AMPK in almost all tissues studied. This widespread reduction
of AMPK activity by HFD suggests that AMPK signaling is likely an important aspect of
the pathophysiological effects of HFD. While the largest HFD-induced reduction in AMPK
activity that we observed was 44 %, evidence is found in several studies that AMPK activity
reductions of <50 % can be associated with pathologies. For example, a 35 % decrease in
WAT AMPK activity was seen in obese, insulin-resistant patients [13], and a 50 % decrease
in heart AMPK activity was seen in patients with chronic heart failure [52].

There are several possible mechanisms by which HFD might cause the observed decrease of
AMPK activity. The simplest explanation is that while providing tissues with inadequate
amounts of metabolic substrates, such as glucose and FFAs, is well known to increase
AMPK activity, the converse may be true, with an excess of circulating metabolic substrates
decreasing AMPK activity [29, 45]. However, in the model we studied, neither circulating
glucose nor the FFA levels were elevated. Thus, elevated circulating levels of metabolic
substrates seem unlikely to be the cause of the HFD-induced reduction in AMPK activities.
However, since a major regulator of AMPK activity is the ATP/AMP ratio, the possibility
exists that the HFD, while not causing elevations in glucose and FFA levels, might inhibit
AMPK activities by increasing this ratio above that in control-fed rats. This would
demonstrate that under control conditions, AMPK activities are high enough to be inhibited
by diet and, thus, challenges the perception that AMPK activity during “control” or
“baseline” conditions is near its lowest possible level. This possibility of a HFD lowering
AMPK via effects on intracellular energetics is difficult to evaluate since little, if anything,
is known regarding how a HFD affects the variables central to intracellular energetics, such
as [ATP], [AMP], [AMP], [Pi], and [PCr].

Another possible mechanism for the observed decrease in AMPK activities with HFD is a
decrease in the transcription of the catalytic subunits of AMPK, such as has been described
in some HFD settings [5, 27, 33]. This possibility was assessed by measuring the transcript
levels for the al and a2 subunits of AMPK in the WAT, BAT, the liver, and the heart. With
the exception of the heart, the transcript levels of the a1l and a.2 subunits were not affected
by HFD (Fig. 6), indicating that the downregulation of the transcript levels was not the
primary mechanism underlying the HFD-induced decrease in AMPK.

AMPK activity has been reported to be modulated by the cytokine I1L-6 [5, 26, 43, 60], and
HFDs are often associated with elevated levels of circulating inflammatory cytokines [7, 28,
30, 40]. To determined whether the HFD-induced decrease in AMPK activity was associated
with altered levels of inflammatory cytokines, we measured the serum levels of two well-
established markers of systemic inflammation, TNFa and IL-6 [1, 50]. We found that in our
model of HFD, neither cytokine was elevated above the non-detectable levels present in
control rats. While the extent to which HFD elevates inflammatory markers is highly model-
dependent, our results are consistent with other studies that show that TNFa and 1L-6 are
not elevated by HFD [4, 36] and allow us to conclude that changes in these inflammatory
markers are not obligatory for the HFD-induced decreases in AMPK activities. Furthermore,
it suggests that HFD-induced decreases in AMPK do not result in the immediate elevation of
these markers of systemic inflammation.

Another possible cause of the HFD-induced decreases in AMPK activities relates to the
observation that leptin is a known modulator of AMPK activity [53, 58]. However, leptin is
thought to be a stimulator of AMPK activity in peripheral tissues [9, 37], and we found that
a high leptin level in the HFD group was associated with a low AMPK activity across the
different tissues. This lack of a positive correlation between circulating leptin levels and
AMPK activities was also reported by our group in the context of a calorie-restricted diet
and fasting, both of which decreased the leptin levels (to as low as 10 % of the control)
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without altering tissue AMPK activities [16]. In the present study, our finding of a decrease
in AMPK activity occurring simultaneously with hyper-leptinemia may be related to tissue
leptin resistance, such as occurs in models of HFD [32, 46]. It is possible that HFD-induced
tissue leptin resistance results in the impairment of intracellular leptin signaling, leading to a
reduced activation of AMPK.

Regardless of the cause(s) of the HFD-induced decreases in AMPK activity, important
questions remain about the effect of this lowered AMPK activity. For example, what role, if
any, does the decreased AMPK activity play in systemic insulin resistance? Previous reports
have indicated that the insulin-sensitizing drugs metformin and TZDs function, in part, via
the activation of AMPK [31, 55]. Further establishing a link between insulin sensitivity and
AMPK activity are studies demonstrating that the AMPK activity is decreased in tissues of
diabetic and non-diabetic animal models of insulin resistance [5, 26, 43, 60]. Few reports
have examined whether a reduced AMPK activity is a causative agent in the development of
insulin resistance; whole-body a2 AMPK knockout mice showed mild insulin resistance,
while whole-body a1 AMPK knockout mice did not [24], and the expression of a muscle-
specific, inactive form of a2 AMPK exacerbated HFD-induced insulin resistance in mice
[11]. It is tempting to speculate that the HFD-induced reductions of AMPK activities in our
study contributed to the observed elevation of plasma insulin. If so, it would appear that
AMPK activities were not sufficiently low to lead to hyper-glycemia or hyperlipidemia.

While AMPK has been extensively studied in solid tissues such as the liver and the skeletal
muscle, very little is known about AMPK in blood and its cellular components. It has been
demonstrated that AMPK is important in white blood cells during inflammation [44, 59].
We found that essentially all (>97 %) AMPK activity in the blood is located in
agranulocytes, with the vast majority of this AMPK activity being attributable to the a1
isoform. Since the agranulocyte fraction includes both monocytes and lymphocytes, it is
reasonable to infer that AMPK is an important signaling molecule in one, or both, of these
cell types (or one of the subsets of lymphocytes).

In contrast to what was observed in WAT, the liver, and the heart, the activity of a1l AMPK
was not altered by HFD in agranulocytes. It is important to note that there were no obvious
signs of inflammation in our model; plasma FFA was not significantly increased by HFD
(Fig. 5), and the plasma levels of the inflammatory cytokines IL-6 and TNFa were not
elevated. Thus, while AMPK may be important in the functions of some types of white
blood cells in the setting of HFD, activity is not altered, at least in the absence of overt
inflammation.

In the present study, we have provided evidence that a HFD caused a marked reduction of
AMPK activity (without altered transcript levels) across several tissues. This was associated
with an obese and hyperinsulinemic “pre-diabetic” state. While a cause-and-effect
relationship between the AMPK activity and the observed pre-diabetic state remains
unsolved, the data presented here do shed light on the relationship of AMPK with other
aspects seen in the metabolic syndrome. Importantly, our data suggest that hyperglycemia,
hyperlipidemia, and systemic inflammation are not prerequisites for the reduction of AMPK
activity in HFD-fed rats. Whether this finding holds true for other HFD models, or in
humans, remains to be investigated.
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Body weight (a) and food intake expressed as kilocalo-ries per week (b) and grams per week
(c) were measured weekly over an 18-week feeding period for control and high-fat diet

(HFD) rats. Values are the mean + SE (/7=8/group; *p<0.05, ***p<0.001)
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Effect of a HFD on interscapular brown adipose tissue (BAT), epididymal fat pad white
adipose tissue (WAT), and heart weights at the time of killing. Values are the mean + SE
(m=8/group; *p<0.05, ***p<0.001)
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Effect of a HFD on white adipocyte diameter. Adipocytes were measured in sections of
white adipose tissue fixed in 4 % PFA and stained with hematoxylin and eosin. Values are

the mean + SE (/7=7-8/group; ***p<0.001)
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Effect of a HFD on serum leptin and insulin (&), blood glucose (b), and FFA (c)
concentrations measured at the time of killing. Values are the mean + SE (/7=7-8/group;

***p<0.001)
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Effect of a HFD on al (a) and a2 (b) AMPK activities in BAT, WAT, the liver, and the
heart. AMPK is expressed as picomoles of phosphate incorporated per minute per milligram

of homogenate protein. Values are the mean + SE (/=8/group; *p<0.05, **p<0.01,

**% n<(0.001)
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o2 AMPK

Effect of a HFD on al and a2 AMPK mRNA expressions relative to the control group's
expression in BAT, WAT, the liver, and the heart (/7=8/group)
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Effect of a HFD on a1 (a) and a2 (b) AMPK activities in whole blood, granulocyte fraction
(approximately 85 % granulocytes), and agranulocyte fraction (>99 % agranulocytes)
collected at the time of killing. VValues are the mean + SE (#=7-8/group; *p<0.05)
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