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The adipose-derived hormone resistin is postulated to link obesity to insulin resistance and dia-
betes. Here, the infusion of either resistin or the resistin-like molecule-f§ (RELMp) rapidly induced
severe hepatic but not peripheral insulin resistance. In the presence of physiologic hyperinsuline-
mia, the infusion of purified recombinant resistin, increasing circulating resistin levels by approx-
imately twofold to 15-fold, inhibited glucose metabolism such that lower rates of glucose infusion
were required to maintain the plasma glucose concentration at basal levels. The effects of resistin
and RELMp on in vivo insulin action were completely accounted for by a marked increase in the rate
of glucose production. These results support the notion that a novel family of fat- and gut-derived
circulating proteins modulates hepatic insulin action.
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Introduction

Resistin belongs to a new gene family of small cys-
teine-rich secreted proteins (1-4). The other two
members of the family, resistin-like molecule-a
RELMa (also known as FIZZ1) and RELMp (also
known as FIZZ2), are about 60% similar to resistin
and are expressed in the stromal components of lung
(2, 3) and adipose tissue (4) and in epithelial cells of
the intestine (2, 3), respectively. This family of circu-
lating proteins is likely to play a role in the complex
interorgan communication network, which appears
to modulate intermediate metabolism (5-10) and
energy balance (5, 6, 9).

Adiposity is coupled to insulin action via largely
unknown mechanisms (11, 12). Furthermore, the sys-
temic actions of insulin-sensitizing drugs that target
transcriptional regulation in adipose cells suggest a
causal role of adipocyte function in the regulation of
insulin sensitivity (1, 7, 13). Circulating proteins secret-
ed by adipose tissue could partly account for this link
via modulation of insulin action in distant organs!#-1°,
In this regard, the potential role of resistin (also known
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as ADSF and FIZZ3) in the regulation of glucose
metabolism is based on its discovery in plasma, its
exclusive expression in adipose tissue, and the initial
characterization of its biological functions (1).

To determine whether acute increases in circulating
levels of resistin worsen glucose tolerance (1), either by
decreasing glucose uptake, increasing glucose produc-
tion, or both, we combined the pancreatic insulin
clamp technique (14, 15) with infusions of resistin,
RELMS, or vehicle control in conscious rats. Recom-
binant RELMP was tested to explore whether this gut-
derived member of the resistin family shares resistin’s
metabolic properties.

Methods

Animals. Adult male Sprague Dawley rats were anes-
thetized and catheterized through the right internal
jugular vein and the left carotid artery as previously
described (14-17).

Recombinant resistin and RELMP. The entire open read-
ing frames of resistin and RELMf} were cloned into
pFM1, which contains an internal ribosome entry site,
followed by the open reading frame of green fluores-
cent protein as previously described (7). Stably trans-
fected HEK293 T cells were sorted by FACS (Becton,
Dickinson and Co., Franklin Lakes, New Jersey, USA)
for high levels of green fluorescent protein expression,
and therefore high resistin or RELM expression. Five
sorts of enrichment established a line of cells capable
of producing milligram quantities of recombinant pro-
tein per liter of media. Serum-free media was used to
collect the secreted protein from confluent cells for 2
days. The media was then harvested and spun down to
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remove cells, and the pH was adjusted to 6.0 with 20
mM Bis-Tris, pH 6.0. The media was then filtered with
a0.22-um filter and loaded directly onto an Econo-Pac
S ion exchange column (Bio-Rad Laboratories Inc.,
Hercules, California, USA). The protein was then elut-
ed with a step salt gradient from 200 mM to 300 mM
NacCl, followed by a continuous gradient of 300 mM to
1 M NaCl. Two major peaks were apparent, with
resistin/RELMJ eluting in the second peak between
about 350 and 500 mM NaCl. This eluate was then
concentrated by centrifugation in a Centricon YM-3 fil-
ter (Millipore Corp., Bedford, Massachusetts, USA) and
loaded onto a Superdex 200 size filtration column
(Amersham Pharmacia Biotech, Piscataway, New Jersey,
USA). The major peak contained at least 99% pure
recombinant protein.

Measurement of resistin protein levels in plasma. Plasma
mouse resistin was measured by semiquantitative
Western blotting as described (4). This analysis was
possible since resistin protein abundance in plasma
samples was within the linear portion of the standard
curve during the infusion (Figure 1b). Five micro-
liters of serum was loaded per lane. Multiple expo-
sures were analyzed by spot densitometry to insure
linearity of the standard curve.

Detection of endogenous RELM[3 protein in plasma. Plas-
ma RELMf was immunoprecipitated followed by
Western blotting (Figure 1c). Either 0.5 ml or 1 ml of
serum was used.

Measurements of in vivo glucose kinetics and pancreatic
insulin clamp procedures. Food was removed 5 hours
before the beginning of in vivo studies. The infusion
studies lasted a total of 300 minutes (Figure la).

Briefly, at t = 0, a primed, continuous intra-arterial
infusion of resistin, RELM, or vehicle was initiated
and maintained for the remainder of the study. The
total dose of resistin was 30 pug/rat and 150 ug/rat
during the low-dose and high-dose studies, respec-
tively. The total dose of RELMf was 120 ug/rat.
Primed, continuous infusions of somatostatin (3
ug/kg/min) and of HPLC-purified [3H-3]glucose (40
uCi bolus, 0.4 uCi/min; NEN Life Science Products
Inc., Boston, Massachusetts, USA) were also started at
t = 0 and continued for the duration of the study
(14-17). During the first 2 hours of the clamp, the
rate of insulin infusion was adjusted periodically in
order to maintain plasma glucose concentration at
basal levels. During the last 30 minutes of this 2-hour
period, the rates of insulin infusion were stable in all
rats, and these individualized rates were then contin-
ued for the rest of the study. At the completion of the
modified pancreatic clamp period (at £ = 120 min-
utes), an additional infusion of regular insulin (3
mU/kg/min) was administered in order to similarly
raise the plasma insulin levels in all groups. A variable
infusion of a 25% glucose solution was then started
and periodically adjusted to maintain the plasma glu-
cose concentration at approximately 7 mM for the
rest of the study. Ten minutes before the end of the in
vivo studies, [U-!'#C]lactate (20 wCi bolus, 1.0
uCi/min; NEN Life Science Products Inc.) was admin-
istered in order to determine the contribution of glu-
coneogenesis to the hepatic glucose-6-phosphate
pool. Samples for determination of [3H-3]glucose spe-
cific activity were obtained at 10-minute intervals
throughout the infusions.
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Table 1
General characteristics of rats receiving resistin, RELMf, or vehicle
before and during pancreatic insulin clamp studies

Vehicle Resistin (low) Resistin (high) RELMp

Basal

n 5 7 8 5
Body wt (g) 327+6 3178 326+9 315+ 11
Glucose (mM) 85+03 8303 84+04 82+0.3
Insulin (uU/ml) 21+4 23+3 23+3 24+5
Pancreatic clamp

Glucose (mM) 82+04 9.6+0.6" 85+06 8.7+0.8
Insulin (uU/ml) 19+4 31 £47 37 £ 57 29 + 67
Insulin clamp

Glucose (mM) 71+0.2 7.2%0.3 69+0.2 7.0+0.3
Insulin (uU/ml) 97 +7 106+ 8 10510 99 +7

Rats were fasted for 5 hours prior to plasma sampling. Biochemical parame-
ter values represent mean + SEM. AP < 0.01 vs. vehicle.

The specific activities of hepatic 1*C-labeled phos-
phoenolpyruvate (PEP), 3H-labeled uridine diphos-
phoglucose (UDP-glucose), and '*C-labeled UDP-glu-
cose were measured by HPLC and the rates of PEP
gluconeogenesis were calculated. The percentage of the
hepatic glucose-6-phosphate pool directly derived from
plasma glucose (direct pathway) was calculated as the
ratio of liver [3H|UDP-glucose and plasma [3H-3]glu-
cose specific activities.

Gluconeogenesis was estimated from the specific
activities of hepatic !4C-labeled UDP-glucose
(assumed to reflect the specific activity of hepatic glu-
cose-6-phosphate) and hepatic PEP following the
infusion of [U-!*C]lactate and [*H-3]glucose using the
following formula (17): gluconeogenesis = TGO x
[4C]UDP-glucose SA/['*C]PEP SA x 2, where TGO =
the sum of glucose production and glucose cycling
and SA = specific activity.

Statistics. All values are presented as mean + SEM. Dif-
ferences were considered statistically significant at
P <0.05. Comparisons among groups were made using
ANOVA followed by an unpaired, nonparametric Stu-
dent ¢ test. The study protocol was reviewed and
approved by the Institutional Animal Care and Use
Committee of the Albert Einstein College of Medicine.

Results

Conscious rats were given an initial intra-arterial
bolus of either resistin, RELM§f, or vehicle, followed
by an intra-arterial infusion of the same material ata
constant rate (Figure la). Resistin was infused at
either 5 ug/h (low) or 25 ug/h (high), which prompt-
ly increased its serum concentration approximately
two- to fivefold or ten- to 15-fold, respectively (Fig-
ure 1b). RELM or vehicle was infused at 20 ug/h.
Prior to the start of the infusion protocols, there were
no differences in mean body weight, plasma insulin,
or glucose concentration among the four groups of
rats (Table 1).

We used a modification of the pancreatic clamp
technique designed to accurately estimate the impact
of recombinant resistin and RELM on glucose flux-
es in the presence of either low or physiologically high
insulin concentrations (Figure 1la, Table 1). To pre-
vent the endogenous secretion of glucoregulatory
hormones such as insulin and glucagon, we adminis-
tered somatostatin, which effectively blunts secretion
of these hormones. Thus, without endogenous
insulin, a known infusion of insulin could be admin-
istered at a constant rate, periodically adjusted to
maintain plasma glucose concentrations at a physio-
logic level (~8.5 mM). This technique effectively min-
imized the confounding effects of hypoglycemia and
its attendant counterregulatory responses on meta-
bolic parameters. In fact, the plasma glucagon (53 + 7,
56+5,53 +2,and 48 + 2 ng/ml) and corticosterone
(178 + 13,196 + 36, 156 + 40, and 142 + 29 ng/ml)
concentrations during the insulin clamp studies were
similar in rats receiving vehicle, low- and high-dose
resistin, and RELMP, respectively. Additionally, the
use of radioactive glucose tracers (16, 17) allowed us
to measure glucose fluxes in vivo.

The effects of resistin, RELM, and vehicle were first
compared in the presence of similar steady-state nor-
moglycemia and individualized plasma insulin con-
centrations (Table 1) in conscious rats. Under these
conditions, the levels of circulating insulin necessary to
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Figure 2

Effect of resistin and RELMf during pancreatic clamp studies. The
measurements were obtained while plasma glucose concentration
was maintained at approximately 8.5 mM under steady-state con-
ditions. (a) Rates of insulin infusion (IIR; mU/kg/min) required to
maintain the plasma glucose concentrations at basal levels. (b)
Effect of resistin and RELM on the rate of glucose production (GP;
mg/kg/min). (c) Effect of resistin and RELMP on hepatic insulin sen-
sitivity (HIS). To take into account the differences in circulating plas-
ma insulin levels during the pancreatic clamp studies, an index of
HIS was calculated as GP-"/insulin (wU/ml) x 100. (d) Effect of
resistin and RELMf on peripheral insulin sensitivity (PIS). To take
into account the differences in circulating plasma insulin levels dur-
ing the pancreatic clamp studies, an index of peripheral insulin sen-
sitivity was calculated as Rd (mg/kg/min)/insulin (WU/ml). Rd, rate
of glucose disappearance. *P < 0.05 vs. vehicle.
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Figure 3

Effect of resistin and RELMP on glucose disposal and production
during insulin clamp studies. The measurements were obtained while
plasma glucose concentration was maintained at approximately 7
mM under steady-state conditions. (a) Effect of resistin and RELMf
on the rate of glucose infusion (GIR; mg/kg/min). (b) Effect of
resistin and RELMf on the rate of glucose disappearance (Rd;

mg/kg/min). (c) Effect of resistin and RELMf on the rate of glucose

production (GP; mg/kg/min). (d) Effect of resistin and RELMf} on
hepatic insulin sensitivity (HIS; uU/ml). To take into account differ-
ences between animals in circulating plasma insulin levels during the
insulin clamp studies, the same index of hepatic insulin sensitivity
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maintain the plasma glucose concentrations at basal
levels provide a measure of whole-body insulin effec-
tiveness (Table 1). During the intravenous infusion of
resistin and RELM, insulin had to be infused at a
higher rate than during vehicle infusions (Figure 2a).
Furthermore, the rate of glucose production was
markedly elevated in both resistin- and RELMp-infused
rats compared with vehicle-infused rats (Figure 2b). Of
note, this occurred despite higher circulating insulin
levels (Table 1). Therefore, the presence of increased
glucose production in the face of elevated insulin con-
centrations provides a first demonstration of the
potent inhibitory effects of these hormones on hepat-
ic insulin sensitivity (Figure 2¢). By contrast, neither
resistin nor RELM significantly altered the effect of
insulin on peripheral glucose uptake (Figure 2d).

We next examined the effect of increased circulating
insulin concentrations on the rates of glucose infusion

described in the Figure 2c legend was used. *P < 0.05 vs. vehicle.

uwU/ml), glucose production was higher during the
infusion of resistin and RELMp than during vehicle
infusion (Figure 3c). In fact, this marked impairment
in the inhibitory action of insulin on glucose produc-
tion (Figure 3d) completely accounted for the
decreased rate of glucose infusion during the clamp
studies. These results indicate that short-term intra-
arterial infusion of resistin stimulates glucose pro-
duction in the presence of either basal replacement
insulin concentrations or moderately elevated hyper-
insulinemia. Thus, regulation of hepatic glucose pro-
duction is the main mechanism by which resistin
acutely regulates glucose tolerance. Of interest, the
infusion of recombinant RELMf generated metabolic
effects qualitatively similar to those of resistin. Glu-
cose production represents the net contribution of
glucosyl units derived from gluconeogenesis and
glycogenolysis. However, a portion of glucose entering

and tissue glucose uptake (Figure 3, a and b).
During this period, insulin levels were elevated
in all groups by the same amount (initial infu-
sion rate + 3 mU/kg/min). Importantly, all
measurements were performed during the
final 2 hours of the 3-hour hyperinsulinemic
clamp study (14-17), a time after steady-state
conditions for plasma glucose and insulin con-
centrations, glucose specific activity, and rates
of glucose infusion were achieved. The rates of
exogenous glucose infusion (GIR in Figure 3a)
required to maintain the target plasma glucose
concentration during physiologically high
insulin were decreased by 32%, 26%, and 25%,
respectively, during the infusions of low-dose
resistin, high-dose resistin, and RELMf com-
pared with vehicle-infused rats. However, the
infusion of recombinant resistin (low and high
dose) or RELMP did not significantly alter the
rates of glucose uptake (respectively, 22.1 + 1.3,
23.9 £ 1.2, and 23.9 + 1.4 mg/kg/min) com-
pared with vehicle (23.7 £ 1.6 mg/kg/min)
(Figure 3b). By contrast, in the presence of sim-
ilar plasma insulin concentrations (~100

Table 2

Effect of resistin and RELM on the direct and “indirect” pathways of hepat-

ic UDP-glucose formation

Vehicle  Resistin (low) Resistin (high) RELMf
[3H]JUDP-glucose 42+0.7 51+£0.5 6.5+£0.6 41+0.5
Liver SA (dpm/nmol)
[3H-3]Glucose 225+2.0 21914 23.5+1.5 20.7+1.3
Plasma SA (dpm/nmol)
% Direct 21+4 23+£2 27 +£3 20+ 3
[*C]UDP-glucose 3.5£0.9 3.4+0.8 32£22 22+1.2
Liver SA (dpm/nmol)
[14C]PEP 36+12 4406 3.6+1.8  4.4:0.5
Liver SA (dpm/nmol)
% Indirect 46+ 4 367 39+6 24 £ 4A

Specific activities of radioactively labeled plasma glucose, hepatic UDP-glucose, and PEP
were used to calculate the contribution of plasma glucose and PEP gluconeogenesis to
the hepatic UDP-glucose pool following [3H-3]glucose and [U-"“C]lactate infusions in
rats at the completion of pancreatic insulin clamp studies. % direct is the percentage of
the hepatic UDP-glucose pool derived from plasma glucose calculated as the ratio of the
specific activities of liver [3H]UDP-glucose and plasma [3H-3]glucose. % indirect is the
percentage of the hepatic UDP-glucose pool derived from PEP gluconeogenesis, calcu-
lated as the ratio of the specific activities of ["*C]JUDP-glucose and 2 x ["C]PEP.
AP < 0.01 vs. vehicle. SA, specific activity. dpm, disintegrations per minute.
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Figure 4

Effect of resistin and RELMf on hepatic glucose fluxes (mg/kg/min)
during insulin clamp studies. (a) Effect of resistin and RELMf on total
glucose output (in vivo flux through glucose-6-phosphatase). (b) Effect
of resistin and RELMf on the rate of glucose cycling. (c) Effect of
resistin and RELMf on the rate of PEP gluconeogenesis. (d) Effect of
resistin and RELMP on the rate of glycogenolysis. *P < 0.05 vs. vehicle.

the liver via phosphorylation of plasma glucose is also
a substrate for dephosphorylation via glucose-6-phos-
phatase. This futile cycle between glucokinase and glu-
cose-6-phosphatase is commonly named glucose
cycling and accounts for the difference between the
total glucose output (flux through glucose-6-phos-
phatase) and glucose production.

To further delineate the mechanisms responsible for
the effect of recombinant resistin and RELM infusion
on hepatic glucose production, we estimated the in vivo
flux through glucose-6-phosphatase and the relative
contributions of glucose cycling, gluconeogenesis, and
glycogenolysis to glucose output (Table 2 and Figure
4). Figure 4 depicts the effect of resistin and RELMf on
the rates of hepatic glucose fluxes during the pancre-
atic insulin clamp procedure. In the presence of similar
plasma insulin concentrations, the rate of glucose pro-
duction (shown in Figure 3) was increased by resistin
and by RELMp. Table 2 displays the [!*C]PEP,
[*H]UDP-glucose, ["*C]UDP-glucose, and [3H-3]glu-
cose specific activities used to calculate the contribu-
tion of PEP and plasma glucose (% indirect and % direct
in Table 2) to the hepatic glucose-6-phosphate pool.
Data obtained using the specific activity of UDP-galac-
tose (not shown) confirmed the results obtained with
UDP-glucose. These data allowed us to estimate the in
vivo fluxes through glucose-6-phosphatase and the
rates of glucose cycling, PEP gluconeogenesis, and
glycogenolysis in all groups. As shown in Figure 4, the
flux through glucose-6-phosphatase was markedly
increased by resistin and RELM in parallel to the
effect on glucose production. Consistent with this
marked increase in overall glucose output, the rate of
glucose cycling was also increased in resistin- and
RELMp-infused rats compared with vehicle-infused
animals. Thus short-term infusion of the adipose-
derived protein resistin and of the gut-derived protein

RELMS lead to marked stimulation of in vivo glucose-
6-phosphatase flux. The latter increase was accounted
for by marked increases in both gluconeogenesis and
glycogen breakdown.

Discussion

Insulin resistance is strongly linked to central obesity
(18, 19). In the short term, overfeeding rapidly leads to
impaired hepatic and then peripheral insulin action in
humans (20) and animals (21, 22). The molecular basis
for this response remains elusive. Increased flux of
FFAs rapidly induces hepatic and peripheral insulin
resistance and thus may play a significant role in the
development of this form of insulin resistance (23-25).
However, it is also becoming increasingly evident that
adipose tissue and the gut are not just sites of (respec-
tively) energy storage and nutrient absorption, but are
also active endocrine organs (1-10, 26-29). Among the
numerous circulating proteins that are derived at least
partly from either adipose cells or intestinal epithelial
cells, some have potent effects on energy and interme-
diary metabolism and on insulin signaling (1-10,
26-29). Of interest, resistin is expressed at higher levels
in intra-abdominal than subcutaneous fat depots in
humans (30), and RELMB is a secreted protein specifi-
cally expressed in epithelial intestinal cells. Finally, the
insulin-sensitizing effects of PPAR-y agonists (13) may
be partly due to the regulation of the biosynthesis and
secretion of adipose-derived proteins, including resistin
(1) and Acrp30/adiponectin (7, 9).

Our results provide an explanation for the recent
finding that the intraperitoneal injection of epitope-
tagged recombinant resistin (resistin-F; total dose 32
ug/mouse) worsens glucose tolerance in mice (1). The
lacter effect was observed following two intraperi-
toneal injections of resistin-F, 14 hours and 2 hours
prior to the glucose tolerance test (1). Of note, the
metabolic effects of resistin reported herein were max-
imal during the low-dose resistin infusion, which was
designed to increase circulating levels of resistin by
two- to fivefold above endogenous mouse levels. No
further impairment in hepatic insulin action was
detected with increases in circulating resistin levels up
to about 15-fold higher than basal levels. The present
study provides the first evidence that increases in cir-
culating resistin or RELM levels markedly stimulate
glucose production in the presence of fixed physio-
logic insulin levels. It should also be noted that the cir-
culating levels of important counterregulatory hor-
mones, such as glucagon and corticosterone, were
similar in the four experimental groups.

To begin investigating the mechanisms by which
resistin and RELMJ increase the net production of glu-
cose by the liver, we next estimated the overall rate of
glucose output (in vivo flux through glucose-6-phos-
phatase) and the relative contribution of hepatic glu-
cose phosphorylation (glucose cycling), gluconeogene-
sis, and glycogenolysis to this flux. Our assessment of
glucose-6-phosphatase flux revealed an increase of
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approximately threefold with resistin and RELM infu-
sion compared with vehicle infusion. This increase
closely paralleled that seen with net glucose production,
suggesting that activation of glucose-6-phosphatase by
resistin and RELMP is a likely mode of action. Of inter-
est, the marked upregulation all pathways involved in
the formation of liver glucose-6-phosphate (gluconeo-
genesis, glycogenolysis, and glucose cycling) induced by
resistin and RELM is also consistent with the increased
flux through glucose-6-phosphatase being the driving
force for the enhanced rate of glucose output.

The discovery of potent metabolic actions of resistin,
which is exclusively expressed in differentiated adipose
cells, further supports the notion of crosstalk between
energy storage organs (adipose tissue) and dominant
insulin target organs such as the liver (7, 8). Further-
more, the infusion of recombinant RELMf, which
shares sequence homology with resistin (2, 3), also rap-
idly induced hepatic insulin resistance. In this regard,
the secretion of RELM into the portal venous circula-
tion may link the intestinal epithelium to the liver and
promote changes in hepatic intermediate metabolism.
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