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Abstract
Individuals with a history of binge drinking have an increased risk of developing the metabolic
syndrome and type 2 diabetes. Whether binge drinking impairs glucose homeostasis and insulin
action is unknown. To test this, we treated Sprague-Dawley rats daily with alcohol (3 g/kg) for
three consecutive days to simulate human binge drinking and found that these rats developed and
exhibited insulin resistance even after blood alcohol concentrations had become undetectable. The
animals were resistant to insulin for up to 54 hours after the last dose of ethanol, chiefly a result of
impaired hepatic and adipose tissue insulin action. Because insulin regulates hepatic glucose
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production and white adipose tissue lipolysis, in part through signaling in the central nervous
system, we tested whether binge drinking impaired brain control of nutrient partitioning. Rats that
had consumed alcohol exhibited impaired hypothalamic insulin action, defined as the ability of
insulin infused into the mediobasal hypothalamus to suppress hepatic glucose production and
white adipose tissue lipolysis. Insulin signaling in the hypothalamus, as assessed by insulin
receptor and AKT phosphorylation, decreased after binge drinking. Quantitative polymerase chain
reaction showed increased hypothalamic inflammation and expression of protein tyrosine
phosphatase 1B (PTP1B), a negative regulator of insulin signaling. Intracerebroventricular
infusion of CPT-157633, a small-molecule inhibitor of PTP1B, prevented binge drinking–induced
glucose intolerance. These results show that, in rats, binge drinking induces systemic insulin
resistance by impairing hypothalamic insulin action and that this effect can be prevented by
inhibition of brain PTP1B.

INTRODUCTION
Binge drinking, which is defined as the consumption of five drinks of alcohol within 2 hours
in men or four drinks in women, once a month or more often is associated with an increased
risk for developing the metabolic syndrome and type 2 diabetes (1–4). This is a particular
public health concern because the incidence of binge drinking continues to rise, especially in
the young population (5–7). Insulin resistance is a core characteristic of patients with the
metabolic syndrome and type 2 diabetes. It is not known whether the epidemiological
association between binge drinking and the metabolic syndrome and type 2 diabetes is
causal (that is, binge drinking induces insulin resistance) or whether insulin resistance
develops secondary to increased caloric intake as a result of, for example, alterations in
central reward pathways (8). Moreover, in one study, binge drinking was associated with
type 2 diabetes in individuals that binge drink as rarely as once a month. It is therefore
possible that binge drinking induces metabolic derangements that persist after alcohol has
been metabolized and cleared from the system (1). Insulin stimulates glucose uptake and
utilization in muscle and fat while suppressing glucose production (GP) in the liver and
adipose tissue lipolysis. Insulin controls hepatic GP (hGP) by acting on hepatocytes and by
decreasing gluconeogenic substrate flux to the liver, in part through antilipolytic effects (9).
In addition, insulin controls autonomic nervous system outflow to the liver (10) and adipose
tissue (11) through signaling in the central nervous system, thereby restraining hGP and
fatty acid release. Impaired insulin action in a particular organ can be caused by diminished
insulin signaling in that organ or by impaired inter-organ cross talk or both (12, 13).

Insulin signaling is tightly controlled by tyrosine phosphatases that dephosphorylate the
insulin receptor and downstream signaling mediators such as insulin receptor substrate 1
(IRS1). One important mediator is protein tyrosine phosphatase 1B (PTP1B), a negative
regulator of insulin and leptin signaling (14). PTP1B is encoded by PTPN1, and single-
nucleotide polymorphisms in the PTPN1 gene are associated with type 2 diabetes and
obesity (15, 16). PTP1B-deficient mice show increased insulin sensitivity and decreased
adiposity, and are protected from diet-induced obesity (17, 18). A similar phenotype is
observed in mice that lack PTP1B only in the central nervous system (19), indicating that
brain PTP1B is a major regulator of energy homeostasis.

Insulin signaling in the hypothalamus suppresses hGP and white adipose tissue (WAT)
lipolysis. In obese humans, or those with type 2 diabetes, insulin is less able to suppress GP
and lipolysis, which by definition represents insulin resistance (20, 21). Genetic
manipulations that impair insulin signaling in the hypothalamus of rodents can lead to
systemic insulin resistance (22). Further, overfeeding can impair hypothalamic insulin action
in rodents even before there is any increase in adiposity, resulting in the failure of insulin
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infused into the central nervous system to suppress hGP and WAT lipolysis (12, 23). Thus,
impaired hypothalamic insulin action in type 2 diabetes and obesity alters the central
nervous system control of nutrient partitioning in target organs such as adipose tissue and
liver. Increased PTP1B, hypothalamic inflammation, and endoplasmic reticulum stress in the
hypothalamus can impair hypothalamic insulin action by inhibiting insulin signaling (24–
27). Additionally, elevated endocannabinoid concentrations in the central nervous system
impair brain insulin action, likely by acting as a retrograde inhibitor of synaptic transmission
(12).

Acute and chronic ethanol exposure leads to functional insulin resistance, measured as the
inability of systemic insulin to suppress lipolysis and insulin-stimulated glucose uptake (28,
29). Yet, paradoxically, ethanol also enhances hepatic insulin receptor phosphorylation and
downstream protein kinase B (AKT) signaling (30). Thus, the pathophysiology and the
molecular defects inducing alcohol-induced insulin resistance remain poorly understood (29,
31, 32). Here, we explored mechanisms through which binge drinking impairs peripheral
and central insulin action in rats.

RESULTS
Binge drinking impairs glucose homeostasis in rats

To assess whether binge drinking alters glucose homeostasis, we administered ethanol (3 g/
kg) daily for three consecutive days through intraperitoneal injection or orally through
gavage to female or male Sprague-Dawley (SD) rats, an established rat model of binge
drinking (Fig. 1A) (33–35). Rats in the control group received either saline or an isocaloric
glucose solution as indicated and were pair-fed to match caloric intake between groups.
Alcohol was undetectable in blood 8 hours after the last ethanol administration on the third
day (fig. S1A), at which point animals were subjected to an intraperitoneal glucose tolerance
test (GTT). Independent of the route of administration (fig. S2A), ethanol treatment
impaired glucose tolerance in comparison to controls, in both female and male rats (Fig. 1B
and fig. S3, A to C). Plasma insulin concentrations were higher in the ethanol-treated group
after fasting and throughout the GTT, suggesting that insulin resistance may have been the
cause of the impaired glucose tolerance (figs. S3, D to F, and S4A). Despite the fact that we
have treated male rats with a higher dose of ethanol (3.45 g/kg), the effect of binge drinking
on glucose tolerance was more pronounced in females (Fig. 1B and fig. S3, A and B),
corroborating clinical evidence indicating that females are more sensitive to the detrimental
metabolic effects of binge drinking than males (1). Because oral administration of ethanol
through gavage requires restraining of the animals, which can dislodge the intravascular and/
or the intracerebroventricular catheters, we used intraperitoneal injections to administer
ethanol in all subsequent experiments.

Binge drinking induces persistent hepatic and adipose tissue insulin resistance
To probe the effects of ethanol treatment on insulin action further, we performed
hyperinsulinemic euglycemic pancreatic clamp studies in conscious female rats subjected to
the same binge drinking paradigm as illustrated in Fig. 1A. This clamp protocol allows
insulin concentrations to be raised to a defined value while maintaining euglycemia and is
considered the gold standard for assessing insulin action. We assessed glucose and glycerol
fluxes with a tracer dilution technique using [3-3H]glucose and [2H-5]glycerol during the
clamps. Throughout the study, there were no differences in body weight between groups
(Table 1). Blood alcohol concentrations were undetectable during the steady-state phase of
the clamp when hGP, glucose utilization, and glycerol appearance were determined (fig.
S1A). Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
concentrations were not different between groups before the pancreatic clamp was started

Lindtner et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2013 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(fig. S8). Under baseline conditions, before the hyperinsulinemic clamp was initiated,
plasma glucose concentrations were significantly higher in the ethanol-treated group,
although hGP values were not different (Fig. 1, C and F). During the hyperinsulinemic
clamp (3 mU kg−1 min−1), which was initiated after a 2-hour tracer equilibration period,
glycemia was well matched between groups (Fig. 1C) and plasma insulin levels were
equally raised (Fig. 1E). Plasma lipid levels were not different between groups during the
clamp (tables S1 and S2). The glucose infusion rate (GIR) required to maintain euglycemia
was significantly lower (P = 0.002) in the ethanol group, consistent with insulin resistance
(Fig. 1D). Binge drinking impaired the ability of insulin to suppress hGP during the clamp
(91% compared to 63%, P < 0.01) (Fig. 1G), whereas peripheral glucose disposal was not
altered (Fig. 1H), demonstrating that impaired hepatic insulin action mostly accounted for
the systemic insulin resistance with regard to glucose metabolism. To test whether binge
drinking impairs hepatic insulin signaling, which could account for the functional hepatic
insulin resistance, we assessed insulin signaling in the liver harvested at the end of the
hyperinsulinemic clamp. Insulin receptor protein expression and the phosphorylation state of
the downstream signaling molecule AKT at Thr308 and Ser473 were not reduced in the
ethanol-exposed rats, suggesting that insulin signaling during the clamp was not different
(fig. S5A). Systemic hyperinsulinemia decreased the rate of appearance (Ra) of glycerol,
which provides an estimate of lipolysis by WAT, but failed to do so in rats after binge
drinking (Fig. 1I), indicating impaired insulin action in adipose tissue. Because increased
lipolytic flux (glycerol and free fatty acids) from WAT to the liver can drive hepatic
gluconeogenesis, it is likely that the excess lipolysis contributes to the hepatic insulin
resistance in ethanol-treated rats.

To investigate whether insulin resistance persists after cessation of binge drinking, we
repeated the studies described above 30 hours after ethanol administration. During the
baseline period of the clamp (0 to 120 min), hGP was not different between groups (fig.
S6A). Hyperinsulinemia did not suppress hGP in rats that had been given ethanol to the
same degree than it did in control rats (suppression of hGP, 96% versus 74%; P = 0.044)
(fig. S6B), demonstrating that binge drinking leads to a long-lasting metabolic impairment
(fig. S6).

Binge drinking impairs hypothalamic insulin action
Insulin regulates systemic glucose and lipid fluxes, in part through signaling in the
hypothalamus (10, 11). Ethanol is a well-known neurotoxin (36), and thus, we speculated
that the metabolic effects of alcohol may, in part, be due to impaired hypothalamic control
of nutrient fluxes in addition to toxic end-organ effects of ethanol on liver and adipose
tissue. Because systemic hyperinsulinemia induces insulin signaling in both the brain and
the liver, one cannot distinguish peripheral from central effects of insulin during a systemic
hyperinsulinemic clamp. One way of probing hypothalamic insulin action in rodents,
defined as the ability of insulin signaling in the mediobasal hypothalamus (MBH) to
suppress hGP and WAT lipolysis, is to infuse insulin directly into the MBH while
maintaining circulating insulin at basal levels, mimicking the fasting state. This induces
insulin signaling selectively in the MBH without the direct effects of insulin on the liver and
adipose tissue. MBH infusions can be performed during a euglycemic pancreatic clamp to
allow assessment of glucose and lipid fluxes with tracer techniques, as outlined above.
Because hepatic insulin action was impaired by binge drinking even though hepatic insulin
signaling was unaltered at the end of a hyperinsulinemic clamp (fig. S5A), we tested
whether this effect might be a result of altered insulin action in the hypothalamus. All
published studies that have examined hypothalamic insulin action with the approach
described above have been performed in male rodents. Because there are gender differences
in brain insulin action in mice and humans (22, 37), we first tested whether insulin delivered
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directly to the MBH suppressed hGP and lipolysis in female SD rats as we and others have
reported for male SD rats (10, 11). To this end, rats were first fitted with stereotactic
cannulae in the MBH and, after 1 week of recovery, implanted with vascular catheters in the
carotid artery and the jugular vein. After full recovery, conscious rats were infused with
either insulin (2 µU) or vehicle into the MBH for 6 hours and subjected to euglycemic
pancreatic clamps (Fig. 2A). Plasma insulin concentrations were maintained at basal values
during the clamp (0.8 mU kg−1 min−1). Blood insulin and glucose concentrations were
comparable during baseline and clamped conditions between groups (Fig. 2, B and D).
Plasma lipid levels were not different between groups during the clamp (tables S1 and S2).
Average GIR to maintain euglycemia was higher in the MBH insulin–infused group
compared to the artificial cerebrospinal fluid (aCSF)–infused group 150 min into the clamp
(Fig. 2C), but this effect was not significant at later times. MBH insulin suppressed hGP by
32% compared to only 13% in MBH vehicle–infused rats (P = 0.047) (Fig. 2, E and F).
Glucose disposal during the clamp was not different between groups (Fig. 2G). Ra glycerol,
a measure of lipolysis, was decreased by more than 80% in rats infused with MBH insulin
compared to vehicle-infused controls during baseline and clamp period (Fig. 2H). These
results establish that in female SD rats hypothalamic insulin restrains hGP and lipolysis to a
similar degree as in males (10, 11).

Next, we asked whether binge drinking impaired the ability of hypothalamic insulin to
suppress hGP and lipolysis. Female SD rats were again injected daily with alcohol for 3
days and then given either vehicle or insulin infusions into the MBH, and were subjected to
basal euglycemic pancreatic clamps (Fig. 3A). Glucose (Fig. 3B) and insulin concentrations
(0.44 versus 0.45 µg/liter, P = 0.95, and 0.41 versus 0.39 µg/liter, P = 0.79, respectively)
(Fig. 3D) did not differ during both baseline and clamped conditions between groups.
Plasma lipid levels during the clamp are shown in tables S1 and S2. Average GIR required
to maintain euglycemia during the clamp was not different between groups (P = 0.246) (Fig.
3C). Binge drinking eliminated the ability of MBH-infused insulin to suppress hGP [25% in
vehicle-treated compared to 21% in insulin-infused animals (P = 0.847)] (Fig. 3, E and F),
whereas glucose disposal remained unaffected (Fig. 3G). Notably, MBH-infused insulin also
failed to suppress Ra glycerol (Fig. 3H). Unrestrained lipolytic flux from adipose tissue is
likely to contribute to hepatic insulin resistance by driving gluconeogenesis (38). Thus, these
data demonstrate that binge drinking markedly impairs the ability of the hypothalamus to
respond to insulin, which likely contributes to the hepatic and adipose tissue insulin
resistance that we observed in ethanol-treated animals.

Binge drinking impairs MBH and adipose tissue insulin signaling
Although hepatic insulin signaling, as assessed by insulin receptor and AKT
phosphorylation, was not altered in binged rats at the end of a hyperinsulinemic clamp (fig.
S5A) and hepatic insulin action was impaired in ethanol-treated animals, it can be argued
that insulin signaling is better assessed after acute insulin exposure to capture the early
dynamics and maximal response of insulin signaling. To test this, we injected 100 mU of
insulin directly into the portal vein of female rats, the physiological route of insulin delivery
to the liver. Again, binge drinking did not alter insulin receptor protein expression in the
liver. The insulin injection induced marked phosphorylation of the insulin receptor and AKT
(Ser473 and Thr308) in both groups within 15 min, which was not impaired by ethanol
exposure (Fig. 4A). These findings suggest that binge drinking does not impair hepatic
insulin action by disrupting insulin signaling in the liver but rather through extrahepatic
mechanisms. In contrast, insulin signaling in WAT was decreased (Fig. 4B), possibly
contributing to the adipose tissue insulin resistance that we noted and that has also has been
described in a model of chronic alcohol exposure (39). Next, we determined whether binge
drinking altered insulin signaling in the hypothalamus, which could be a cause of the
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impaired hypothalamic insulin action. Eight hours after the last ethanol injection, we infused
a bolus of 1 mU of insulin or vehicle intraparenchymally into the MBH. Twenty minutes
later, animals were sacrificed, and the MBH was dissected for further analysis as described
(11). Binge drinking did not alter the total amount of insulin receptor in the MBH (Fig. 4C).
As expected, MBH insulin infusion induced autophosphorylation of the insulin receptor in
the control group. However, binge drinking markedly blunted insulin-induced
autophosphorylation of the insulin receptor in the brain (Fig. 4C), suggesting that impaired
hypothalamic insulin action is due to decreased insulin signaling in the MBH.

Binge drinking induces elevated PTP1B levels and inflammation in the hypothalamus
Potential causes for the insulin signaling defect are induction of phosphatases (40) and
inflammation (41–43), both molecular pathways that can inhibit insulin signaling. To begin
to explore these mechanisms, we assessed the expression of phosphatases and
proinflammatory cytokines in the MBH. We found that binge drinking increased the
expression of several proinflammatory cytokine genes such as interleukin-6 (IL-6) and
tumor necrosis factor–α (TNFA), which are induced by the inhibitor of κB/nuclear factor κ
light chain enhancer of activated B cells (IKKβ/NFκB) pathway. We assessed three tyrosine
phosphatase genes: PTPN1 (PTP1B), PTPRA (receptor-type tyrosine-protein phosphatase
α), and PTPRF (receptor-type tyrosine-protein phosphatase F). Of these, only PTP1B was
significantly increased by binge drinking (Fig. 4D). Our data suggest that binge drinking
may compromise hypothalamic insulin signaling and induce inflammation in the MBH,
potentially through the regulation of PTP1B.

Inhibition of PTB1B restores glucose tolerance after binge drinking
To further probe the role of PTP1B and the IKKβ/NFκB pathway within the central nervous
system in binge drinking–induced insulin resistance, we continuously infused inhibitors of
either PTP1B or IKKβ into the lateral ventricle using osmotic minipumps. Two days after
minipump implantation, once the intracerebroventricular infusion rate was stable, we
exposed the rats to ethanol according to the binge drinking paradigm (Fig. 1A) and
performed GTTs 8 to 10 hours, 30 hours, and 54 hours after the last ethanol dose (Fig. 5, A
to C). To inhibit PTP1B, we used the small-molecule inhibitor CPT-157633 (0.2 µg/day),
and for IKKβ, we used the compound PS1145 (2 µg/day) (44, 45). As we had previously
found, binge drinking impaired glucose tolerance, and this effect persisted up to 54 hours
after the last ethanol dose (Fig. 5C). Pharmacological inhibition of central PTP1B almost
completely prevented glucose intolerance in the ethanol-exposed rats, whereas the IKKβ
inhibitor PS1145 initially worsened glucose tolerance in this group after 8 to 10 hours. Only
at later time points (TPs) did the IKKβ inhibitor moderately improve glucose homeostasis
(Fig. 5, A to C). Fasting plasma insulin values were increased by binge drinking 8 to 10
hours after the last ethanol dose, which was alleviated by PTP1B inhibition, although at later
TPs, neither ethanol exposure nor PTP1B inhibition altered fasting insulin levels (fig. S7, A
to C). Intracerebroventricular infusion of either CPT-157633 or PS1145 alleviated the
hypothalamic inflammation induced by binge drinking (Fig. 5D), yet only PTP1B inhibition
restored glucose tolerance. These results demonstrate that binge drinking may induce
systemic insulin resistance by increasing hypothalamic PTP1B expression and disrupting
hypothalamic insulin action, which can be prevented by inhibition of PTP1B in the
hypothalamus.

DISCUSSION
Individuals who have a habit of binge drinking exhibit an increased risk of developing the
metabolic syndrome (1, 3, 4). Here, we demonstrate in a rat model that binge drinking
induces insulin resistance in female and male rats, independent of alterations in caloric
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intake. Further, disrupted insulin action in hepatic and adipose tissue is a secondary result of
impaired hypothalamic insulin action, which can be restored through pharmacological
inhibition of hypothalamic PTP1B. Thus, alcohol can impair hepatic carbohydrate
metabolism and increase fatty acid flux to the liver indirectly through its effects on the
central nervous system, specifically the hypothalamus.

Adipose tissue and liver are both organs in which neuroendocrine regulation via the
autonomic nervous system is important, unlike muscle where hypothalamic insulin action
does not contribute to, for example, the regulation of glucose uptake. Our studies point to
two mechanisms that contribute to the hepatic insulin resistance induced by binge drinking.
First, impaired insulin action in adipose tissue increases free fatty acid and glycerol flux to
the liver, which in turn worsens hepatic insulin action by increasing the supply of
gluconeogenic substrates (46). Second, hypothalamic insulin action, defined as the ability of
centrally infused insulin to suppress hGP and WAT lipolysis, and hypothalamic insulin
signaling, measured by phosphorylation of insulin receptor and AKT, are markedly reduced.

The notion that binge drinking causes insulin resistance by impairing autonomic control of
liver and WAT metabolism is supported by the clinical observation that chronic alcohol
consumption is associated with reduced heart rate variability, at manifestation of autonomic
dysfunction (47). Further, acute alcohol intoxication increases sympathetic nerve activity
(47, 48). Unopposed sympathetic drive is believed to be an important cause of the metabolic
dysfunction in obesity and type 2 diabetes (49). We have previously demonstrated that brain
insulin dampens sympathetic outflow to WAT, resulting in a suppression of lipolysis (11),
whereas hypothalamic insulin resistance exacerbates lipolysis. Together, these results
indicate that binge drinking likely leads to autonomic dysfunction, in part by attenuating
brain insulin action, which disrupts glucose and lipid flux in liver and WAT.

The biological relevance of impaired hypothalamic insulin action is highlighted by our
finding that the inhibition of PTP1B, an inhibitor of insulin signaling, prevents the
impairment in systemic carbohydrate metabolism. Thus, these studies provide proof of
principle that binge drinking–induced impairment of insulin action is primarily a
consequence of decreased insulin signaling in the MBH. After drinking, hepatic insulin
signaling was not altered after acute insulin treatment or after prolonged physiological
hyperinsulinemia induced by hyperinsulinemic clamping. Although these studies support the
notion that impaired hepatic insulin action after binge drinking is caused by deficient
hypothalamic insulin action and not reduced hepatic insulin signaling, insulin dose-response
studies may unveil more subtle defects in hepatic insulin signaling. Acute alcohol exposure
inhibits autophosphorylation of the insulin receptor (50). In our experiments, however, this
does not explain the ethanol-induced systemic insulin resistance that we observed, because
alcohol was no longer present when we assessed both insulin action and signaling (50).
Notably, the major toxic metabolite of alcohol, acetaldehyde, does not inhibit insulin
signaling in neuronal cells (51). Finally, we demonstrate that selective inhibition of PTP1B
only in the hypothalamus is sufficient to prevent the systemic insulin resistance induced by
binge drinking. Precisely how alcohol increases the expression of PTP1B in the MBH
remains to be determined. Aging and overnutrition, both common causes of systemic insulin
resistance, also increase hypothalamic PTP1B expression (26, 52, 53).

Binge drinking also increased the expression of proinflammatory cytokines such as IL-6 and
TNF-α within the MBH, a manifestation of hypothalamic inflammation. Hypothalamic
inflammation can reduce insulin signaling in the hypothalamus and is an important cause of
the disrupted neuroendocrine control of metabolism in obesity that results in systemic
insulin resistance (40–43, 54). Nevertheless, in our model of binge drinking–induced
glucose intolerance and insulin resistance, inhibition of the IKKβ/NFκB pathway was not
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sufficient to restore glucose homeostasis, although it improved glucose tolerance moderately
on the second and third day after the last ethanol dose. Surprisingly, at an earlier TP, 8 hours
after the last dose of ethanol, inhibition of the NFκB pathway worsened glucose tolerance,
which suggests that hypothalamic inflammation may initially be adaptive and only later
becomes maladaptive resulting in metabolic impairment. Our results also suggest that
inflammation per se may not be the primary mediator of ethanol-induced hypothalamic
insulin resistance because both the IKKβ/NFκB and PTP1B inhibitor reduce hypothalamic
inflammation, yet only PTP1B inhibition restores glucose tolerance. Whole-body PTP1B
knockout mice are protected from aging-induced insulin resistance and WAT inflammation,
and our results support a role of hypothalamic PTP1B in this protective phenotype (55).

There are certain limitations to our study. We administered ethanol through intraperitoneal
injections for experimental reasons, which is not the physiological route of alcohol
administration. Nevertheless, we did observe similar effects on glucose tolerance when
ethanol was administered through oral gavage, indicating that the route of administration is
not that critical in ethanol-induced insulin resistance in rats.

In summary, our studies demonstrate that ethanol impairs glucose and lipid metabolism in
rats through neurotoxic effects in the hypothalamus. The resulting insulin resistance persists
days after all ethanol has been metabolized. If these results apply to humans, binge drinking
is not only an epidemiological risk factor but also a direct cause of insulin resistance that
sets the stage for the metabolic syndrome and type 2 diabetes.

MATERIALS AND METHODS
Experimental design

After surgery and recovery period, rats were randomized to each individual treatment group.
All GTTs were performed blinded and repeated twice. Clamp studies were performed once.

Animals
Animal protocols were approved by the Icahn School of Medicine at Mount Sinai
Institutional Animal Care and Use Committee. Twelveto 14-week-old female and male SD
rats (Charles River Breeding Laboratories) were housed under controlled temperature,
humidity, and light cycles (12:12 hours). Standard chow diet (Rodent Diet 5001, LabDiet)
and water were available ad libitum. Two weeks before the clamp study, rats participating in
central infusion studies were stereotactically implanted with a guide cannula targeting the
MBH as described by Scherer et al. (11). One week later, carotid and jugular catheters were
implanted for blood sampling and infusion. Rats were allowed to recover for 8 days and
required to return to within 10% of their presurgical body weight (Table 1). Rats that were
part of the 3-mU clamp protocol without central infusions were only implanted with
vascular catheters.

Ethanol feeding
Female SD rats were injected intraperitoneally or orally gavaged daily with ethanol (3 g/kg)
in a 20% (v/v) ethanol/saline solution on three consecutive days always between 7 and 8
a.m. Male rats were injected daily with ethanol (3.45 g/kg, intraperitoneally) in a 20% (v/v)
ethanol/saline solution on three consecutive days always between 7 and 8 a.m. Rats in the
control group were injected with an isocaloric glucose/saline solution for all experiments
except the GTT in Fig. 1B, where the control group was injected with saline. Intraperitoneal
injections are widely used in rodent models, and many studies have shown that oral and
intraperitoneal administration yield similar results for several biological readouts (34, 35,
56, 57). Intraperitoneal administration also avoids the first-pass gastric metabolism of
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ethanol, which can vary depending on the nutritional state of the animal and adds an
additional variable. After intraperitoneal injection, ethanol is absorbed by the visceral
peritoneum and intraperitoneal organs that drain into the portal venous system and thereby
the liver. To ensure similar food intake (58), rats were pair-fed throughout the study (Table 1
and fig. S7D). Food intake was measured by manually weighing food pellets for the ethanol-
treated group, and the glucose-injected group was fed the same amount of food. Experiments
were performed either 8 to 10, 30, or 54 hours after the third dose of ethanol as indicated.

Glucose tolerance test
Fourteen-week-old female or male SD rats were treated with ethanol as above to simulate
binge drinking. After the last dose, rats were fasted for 8 to 10 hours until alcohol had been
metabolized. Rats were then injected intraperitoneally with glucose (2 or 3 g/kg) (Fig. 5 and
fig. S3, A to C) in a 20% glucose/saline solution. Blood glucose was measured with an
AlphaTRAK glucometer (Abbott Laboratories). Tail vein samples were taken at 0, 7.5, 15,
30, 60, 90, and 120 min after glucose injection to measure glucose and at 0, 30, and 90 min
to measure insulin levels.

Hepatic insulin signaling studies
Fourteen-week-old female SD rats were treated with ethanol to simulate binge drinking.
After the last dose, rats were fasted and experiments were started when alcohol had been
metabolized (8 to 10 hours after injection). Rats were anesthetized with ketamine-xylazine, a
midline incision was performed, and viscera were exposed. Using a 26-gauge needle, we
injected 100 mU of insulin (Humulin R, Lilly) in 100 µl of saline into the portal vein, and 3
min after injection, we sacrificed the animals by decapitation. The liver was snap-frozen in
liquid nitrogen and kept at −80°C for further analysis.

Brain signaling studies
Fourteen-week-old female SD rats were implanted with cannulae targeting the MBH as
described above, and 1 week later, experiments were performed. After the last dose of
ethanol, rats were fasted and experiments were started when alcohol had been metabolized
(8 to 10 hours after injection). Conscious, nonrestrained rats were given a dose of either 1 µl
of aCSF (vehicle) or 1 mU of insulin in 1 µl of aCSF (Humulin R, Lilly),
intraparenchymally administered over 1 min into each side of the MBH. Twenty minutes
later, animals were anesthetized with isoflurane and decapitated, and the MBH was
dissected, snap-frozen in liquid nitrogen, and kept at −80°C for further analysis.

PTP1B and IKKβ inhibitor experiments
Fourteen-week-old female SD rats were implanted with osmotic minipumps (model 1004,
Durect Corporation) and Brain Infusion Kit 2. Pumps were filled with either PS1145 (2 µg/
day) (Sigma-Aldrich) or a small-molecule inhibitor of PTP1B (CPT-157633) (0.2 µg/day)
(Ceptyr Inc.; US Patent US 7,504,389B2) (45). CPT-157633 (molecular weight, 465) was
developed as an active site–directed inhibitor. It is a difluoro-phosphonomethyl
phenylalanine derivative, which is a non-hydrolyzable phosphotyrosine mimetic that is
resistant to PTP action. We chose the dose of the inhibitors based on work that was done
with compounds of similar kinetics. We also found in previous experiments that higher
doses decreased food intake, and therefore chose the above-mentioned doses. PS1145 was
dissolved in 7.75% β-cyclodextrin and aCSF, and CPT-157633 was dissolved in aCSF. The
pumps were filled shortly before implantation, and a pump rate of 0.11 µl/hour was stable
after 48 hours of priming in the animal. We cannulated the right lateral ventricle 1.9 mm
posterior from bregma, 2.5 mm right lateral from the sagittal suture, and 5 mm below the
surface of the scull. Placement was controlled and verified by infusing food dye. Forty-eight
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hours after pump implantation, female rats were treated with ethanol as described above, and
GTTs were performed 8 to 10, 30, and 54 hours after the last dose of ethanol. After the last
GTT, animals were anesthetized with isoflurane and decapitated, and cannula placement was
confirmed by infusing food dye. For gene expression analysis in Fig. 5D, female rats were
implanted with minipumps as mentioned above and subjected to our binge drinking model,
and tissue was harvested 10 hours after the last ethanol dose for further analysis.

MBH cannulation
Experiments were performed in adult rats (12 to 14 weeks old), and ketamine-xylazine was
used for all surgical interventions. Two weeks before the clamp study, rats participating in
central infusion studies were stereotactically implanted with a 26-gauge dual guide cannula
(Plastics One) in the MBH, 3.3 mm posterior from bregma, 0.4 mm bilateral from midline,
and 9.6 mm below the surface of the skull. Coordinates were according to Paxinos Rat Brain
Atlas (59). Guide cannulae were blocked with dummy cannulae (Plastics One) until the day
of the experiment. Food dye was regularly infused immediately before removing the brain to
confirm correct anatomical placement of the cannulae. One week later, carotid and jugular
catheters were implanted for blood sampling and infusion. Rats were allowed to recover for
8 days and required to weigh within 10% of their presurgical body weight. Rats that were
part of the 3-mU clamp protocol without central infusions were only implanted with
catheters as described above.

Rat pancreatic clamp studies
Rat clamp experiments were performed on conscious, nonrestrained, pair-fed female SD
rats. During the 360-min study protocol, rats were kept in individual plastic cages with
bedding. At the start, MBH infusion cannulae were inserted into the guide cannulae. An
MBH (0.18 µl/hour per side) infusion with either vehicle (aCSF) (Harvard Apparatus) or
human insulin (2 µU) (Humulin R, Lilly) was started at TP −120 min and maintained for the
entire 6-hour study. At TP 0, a 120-min tracer equilibration period was started in which a
20-µCi bolus of [3-3H]glucose (radiochemical concentration >97%) (PerkinElmer) and a 40-
µmol bolus of [2H-5]glycerol (99 atomic % excess) (Cambridge Isotope Laboratories Inc.)
followed by infusions of [3-3H]glucose (0.5 µCi/min) and [2H-5]glycerol (1 µmol/min) were
started. For the last 30 min of the tracer equilibration period, arterial blood samples were
collected every 10 min to determine baseline GP and rate of appearance (Ra) of glycerol
using tracer dilution methodology. At TP 120 min, the pancreatic clamp was started with a
primed-continuous infusion of human insulin (bolus of 14.2 or 53.2 mU kg−1 followed by an
infusion of 0.8 or 3 mU kg−1 min−1) (Humulin R, Lilly) and a simultaneous infusion of
somatostatin (3 µg kg−1 min−1). The tracer infusions were continued at the aforementioned
rates. Euglycemia (~110 to 130 mg/dl) was maintained during the clamp by measuring
blood glucose every 10 min starting at TP 120 min and infusing 25% glucose as needed.
Arterial blood samples were obtained every 10 min for the last hour of the experiment (TP =
180 to 240 min) to calculate GP, the rate of glucose disposal, and the Ra glycerol under
clamped conditions. Pancreatic clamps that did not require brain infusions were started with
a tracer equilibration period, and the protocol was shortened to 240 min as depicted in Fig.
1A.

Glucose tracer analysis
To measure plasma [3-3H]glucose radioactivity, samples were deproteinated with barium
hydroxide and zinc sulfate. After centrifugation, the supernatant was dried overnight to
eliminate tritiated water. Glucose was then redissolved in water, and radioactivity was
measured with Ultima Gold in a MicroBeta TriLux (PerkinElmer) liquid scintillation
counter. Under preclamp steady-state conditions, the endogenous GP equals the glucose
turnover rate, which was determined from the ratio of the [3-3H]glucose tracer infusion rate
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and the specific activity of plasma glucose. During the clamp period, endogenous GP was
calculated by subtracting the GIR from the glucose turnover rate, which in a steady state
equals the rate of glucose disposal and glucose uptake in muscle, liver, and WAT.

Glycerol fluxes
Ra glycerol (in µmol kg−1 min−1) was calculated by the equation Ra = (ENRinf/ENRpl − 1)
× R, where ENRinf is the fractional isotopic enrichment of the infused glycerol in atomic
percent excess and ENRpl is the enrichment in the plasma sample. R is the rate of isotope
infusion in µmol kg−1 min−1 (60). The 2H labeling of plasma glycerol was determined with
an Agilent 5973N–MSD equipped with an Agilent 6890GC system and an ADB-17MS
capillary column (30 m × 0.25 mm × 0.25 m) and as follows: 20 µl of plasma was
deproteinated with 200 µl of methanol by centrifugation. The fluid fraction was dried and
reacted with 50 µl of pyridine and 50 µl of acetic anhydride for 20 min. Isotope enrichment
was determined by gas chromatography–mass spectrometry. Ions of 236 to 241 mass-to-
charge ratios were monitored.

Western blot analyses
Liver, WAT, or hypothalamus was homogenized in 20 mM Mops, 2 mM EGTA, 5 mM
EDTA, 30 mM sodium fluoride, 40 mM β-glycerophosphate, 10 mM sodium
pyrophosphate, 2 mM sodium orthovanadate, 0.5% NP-40, and complete protease inhibitor
cocktail (Roche) and centrifuged at 13,000g for 20 min at 4 or 0°C. Protein concentration in
the supernatant was measured with a BCA protein quantification kit (Thermo Scientific).
Samples of 10 to 20 µg of total protein extract were separated on 4 to 12% NuPAGE gels
(Invitrogen) and blotted onto Immobilon-FL PVDF (Millipore). Membranes were blocked at
room temperature for 1 hour in Odyssey LI-COR Blocking Buffer (1:1; LI-COR), diluted in
tris-buffered saline (TBS), and incubated in primary antibodies in 1:1 Blocking Buffer/TBS-
T overnight at 4°C. We used primary antibodies against phospho-AKT (Thr308 and Ser473),
phospho–insulin receptor β (all Cell Signaling Technology Inc.), β-actin (Sigma-Aldrich
Co.), and insulin receptor β (Santa Cruz Biotechnology). After three consecutive 5-min
washes in TBS-T (0.1%), blots were incubated with DyLight 800–conjugated goat anti-
rabbit immunoglobulin G (IgG) and DyLight 680–conjugated goat anti-mouse IgG (both
Thermo Scientific) for 1 hour at room temperature in blocking buffer containing 0.1% TBS-
T and 0.1% SDS. After three washes in TBS-T and a final wash in TBS, the blots were
scanned on a Odyssey scanner (LI-COR) and quantified with Odyssey 3.0 software on the
basis of direct fluorescence values.

RNA extractions and qRT-PCR
Total RNA was obtained from frozen MBH with the RNeasy Lipid Tissue Kit (Qiagen).
After treatment with DNase I (Invitrogen), purified total RNA was used for first-strand
complementary DNA synthesis with SuperScript III (Invitrogen). We ran qRT-PCR with
SYBR GreenER qPCR SuperMix (Invitrogen) on a 7900HT sequence detection system
(Applied Biosystems). The forward and reverse customized primers (Invitrogen) are listed
below. Data were analyzed with the comparative Ct method (61).

The sequences of qRT-PCR primers were as follows: IL-6, 5′-
AGTTGCCTTCTTGGGACTGA-3′ (forward) and 5′-ACAGTGCATCATCGCTGTTC-3′
(reverse); TNFA, 5′-ACGATGCTCAGAAACACACG-3′ (forward) and 5′-
CAGTCTGGGAAGCTCTGAGG-3′ (reverse); PTPN1, 5′-
CGGAACAGGTACCGAGATGT-3′ (forward) and 5′-
CCACACCATCTCCCAGAAGT-3′ (reverse); IL-1B, 5′-
AAAAATGCCTCGTGCTGTCT-3′ (forward) and 5′-GGGATTTTGTCGTTGCTTGT-3′
(reverse); SOCS3, 5′-TTCTTTACCACCGACGGAAC-3′ (forward) and 5′-
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GTAGCCACGTTGGAGGAGAG-3′ (reverse); PTPRF, 5′-
TCAAGACACAGCAGGGAGTG-3′ (forward) and 5′-
GCTTCAGGTCCTCCAGAGTG-3′ (reverse); PTPRA, 5′-
AGGCCCTTCTGGAGCATTAT-3′ (forward) and 5′-GTTTCCCGTACGCATCTTGT-3′
(reverse); GAPDH, 5′-AGACAGCCGCATCTTCTTGT-3′ (forward) and 5′-
CTTGCCGTGGGTAGAGTCAT-3′ (reverse).

Lipid analysis
Plasma triglycerides (TGs) were measured with a TG kit from Sigma (Sigma-Aldrich Inc.)
according to the manufacturer’s protocol. Plasma nonesterified fatty acid (NEFA) levels
were determined with a NEFA kit from Wako Chemicals USA Inc. following the
manufacturer’s protocol.

Insulin enzyme-linked immunosorbent assay
Insulin levels were determined with Mercodia Insulin ELISA according to the
manufacturer’s protocol. Data were analyzed by performing cubic spline regression with
GraphPad Prism (GraphPad Software).

Alcohol assay
Alcohol levels were measured in serum right after collection with a Pointe Scientific alcohol
reagent kit according to the manufacturer’s protocol.

Statistics
All values are presented as means ± SEM unless noted otherwise. Comparisons between
groups were made with unpaired two-tailed Student’s t tests. Repeated measurements within
the same group were compared by two-way ANOVA followed by Bonferroni posttest
(insulin levels, hGP, and Ra glycerol during baseline and insulin-clamped conditions)
(GraphPad Prism, GraphPad Software). Differences were considered statistically significant
at P < 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Binge drinking disrupts glucose homeostasis by impairing insulin action in liver and adipose
tissue. Female rats were treated with isocaloric glucose (control) or ethanol and subjected to
hyperinsulinemic (3 mU) pancreatic clamp studies. (A) Scheme showing binge drinking
model and experimental protocol of the hyperinsulinemic pancreatic clamp studies. (B)
Blood glucose concentrations during a GTT (2 g/kg) in female rats treated intraperitoneally
with saline or ethanol (EtOH). Inset, area under the curve (AUC) (n = 4 per group). (C)
Blood glucose during baseline and clamp in control or ethanol-treated female rats (n = 9
control group, n = 8 ethanol group). (D) GIR needed during the clamp to maintain
euglycemia in control or ethanol-treated female rats (n = 9 control group, n = 8 ethanol
group). (E) Plasma insulin concentrations during baseline and clamped conditions in control
or ethanol-treated female rats (n = 9 control group, n = 8 ethanol group). (F) hGP during
baseline and clamped conditions in control or ethanol-treated female rats (n = 9 control
group, n = 8 ethanol group). (G) hGP expressed as percentage (%) of suppression from
baseline during the clamp in control or ethanol-treated female rats (n = 9 control group, n =
8 ethanol group). (H) Glucose disposal during clamp in control or ethanol-treated female
rats (n = 9 control group, n = 8 ethanol group). (I) Ra glycerol during baseline and clamped
conditions in control or ethanol-treated female rats (n = 9 control group, n = 8 ethanol
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group). *P < 0.05; **P < 0.01, control versus ethanol group; #P < 0.01, control baseline
versus control insulin clamp, per two-tailed unpaired Student’s t test (B, C, D, G, and H) or
two-way analysis of variance (ANOVA) followed by Bonferroni posttest (E, F, and I).
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Fig. 2.
MBH insulin suppresses hGP and WAT lipolysis in female rats. Female rats were infused
with vehicle (aCSF) or insulin into the MBH, whereas insulin concentrations were
maintained at basal values. (A) Scheme and experimental protocol of experiments testing the
effect of hypothalamic insulin infusions on hepatic and adipose tissue function measured by
pancreatic clamp studies. (B) Blood glucose during baseline and the clamp in vehicle
(aCSF)– or insulin-infused female rats (n = 9 per group). (C) GIR needed during the clamp
to maintain euglycemia in vehicle- or insulin-infused female rats (n = 9 per group). (D)
Plasma insulin concentrations during baseline and clamped conditions in vehicle- or insulin-
infused female rats (n = 9 per group). (E) hGP during baseline and clamped conditions in
vehicle- or insulin-infused female rats (n = 9 per group). (F) hGP expressed as percentage
(%) of suppression from baseline during the clamp in vehicle- or insulin-infused female rats
(n = 9 per group). (G) Glucose disposal during the insulin clamp in vehicle- or insulin-
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infused female rats (n = 9 per group). (H) Ra glycerol during baseline and clamped
conditions in vehicle- or insulin-infused female rats (n = 9 per group). *P < 0.05, vehicle-
versus insulin-infused rats, per two-tailed unpaired Student’s t test (B, C, E, F, and G) or
two-way ANOVA followed by Bonferroni posttest (D, E, and H). Bars that do not share the
same letter are significantly (P < 0.05) different from each other, per two-tailed unpaired
Student’s t test.
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Fig. 3.
Binge drinking eliminates hypothalamic insulin action. Female rats were treated with
ethanol for three consecutive days and then infused with either vehicle (aCSF) or insulin
into the MBH while maintaining insulin concentrations at basal values. (A) Scheme and
experimental protocol of binge drinking model and pancreatic clamp studies combined with
central infusions. (B) Blood glucose during baseline and clamp in vehicle (aCSF)– or
insulin-infused and ethanol-treated female rats (n = 7 MBH aCSF/ethanol group, n = 6 MBH
insulin/ethanol group). (C) GIR needed during the clamp to maintain euglycemia in vehicle-
or insulin-infused and ethanol-treated female rats (n = 7 MBH aCSF/ethanol group, n = 6
MBH insulin/ethanol group). (D) Plasma insulin concentrations during baseline and clamped
conditions in vehicle- or insulin-infused and ethanol-treated female rats (n = 7 MBH aCSF/
ethanol group, n = 6 MBH insulin/ethanol group). (E) hGP during baseline and clamped
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conditions in vehicle- or insulin-infused and ethanol-treated female rats (n = 7 MBH aCSF/
ethanol group, n = 6 MBH insulin/ethanol group). (F) hGP expressed as percentage (%) of
suppression from baseline during the clamp in vehicle- or insulin-infused and ethanol-
treated female rats (n = 7 MBH aCSF/ethanol group, n = 6 MBH insulin/ethanol group). (G)
Glucose disposal during the clamp in vehicle- or insulin-infused and ethanol-treated female
rats (n = 7 MBH aCSF/ethanol group, n = 6 MBH insulin/ethanol group). (H) Ra glycerol
during baseline and clamped conditions in vehicle- or insulin-infused and ethanol-treated
female rats (n = 7 MBH aCSF/ethanol group, n = 6 MBH insulin/ethanol group). *P < 0.05,
control versus ethanol group, per two-tailed unpaired Student’s t test (B, C, E, F, and G) or
two-way ANOVA followed by Bonferroni posttest (D, E, and H). Bars that do not share the
same letter are significantly (P < 0.05) different from each other, per two-tailed unpaired
Student’s t test.
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Fig. 4.
Binge drinking impairs insulin signaling in vivo in MBH and adipose tissue and increases
inflammation and PTP1B. Female rats were treated with isocaloric glucose (control) or
ethanol, and insulin signaling in liver, adipose tissue, and MBH was assessed by Western
blot. (A) Effect of binge drinking on insulin signaling in liver. Left, representative Western
blot; right, quantification of Western blot (n = 1 control/saline, n = 1 ethanol/saline, n = 3
control/insulin, n = 3 ethanol/insulin). (B) Effect of binge drinking on insulin signaling in
epigonadal adipose tissue. Left, representative Western blot; right, quantification of Western
blot (n = 1 control/saline, n = 1 ethanol/saline, n = 3 control/insulin, n = 3 ethanol/insulin).
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(C) Effect of binge drinking on insulin signaling in the MBH. Left, representative Western
blot; right, quantification of Western blot (n = 4 control/saline, n = 4 ethanol/saline, n = 4
control/insulin, n = 4 ethanol/insulin). (D) Inflammatory cytokines and tyrosine receptor
phosphatases as assessed by quantitative real-time polymerase chain reaction (qRT-PCR) in
the MBH of rats treated with control or ethanol (n = 6 control group, n = 5 ethanol group, n
= 4 per group for PTPN1). *P < 0.05, **P < 0.01, control versus ethanol group; #P < 0.05,
unstimulated control versus stimulated control and unstimulated ethanol versus stimulated
ethanol, per two-tailed unpaired Student’s t test. Bars represent insulin-treated samples
normalized to β-actin and unstimulated samples.
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Fig. 5.
Inhibition of PTP1B in the MBH restores glucose tolerance after binge drinking. Female rats
were treated with either isocaloric glucose (control) or ethanol and were centrally infused
with an IKKβ inhibitor (PS1145), a PTP1B inhibitor (CPT-157633), or vehicle and
subjected to GTTs [glucose (3 g/kg)]. (A to C) Eight to 10 hours (A), 30 hours (B), and 54
hours (C) after the last dose of ethanol. Left panels, blood glucose concentrations after
glucose injection; right panels, AUC (n = 5 control/aCSF, n = 5 ethanol/aCSF, n = 4 ethanol/
PS1145, n = 7 ethanol/CPT-157633). (D) Inflammatory cytokines as assessed by qRT-PCR
in the MBH of rats that were treated with control or ethanol and were continuously infused
with PS1145 or CPT-157633 (n = 4 control/aCSF, n = 3 control/PS1145, n = 4 control/
CPT-157633, n = 4 ethanol/aCSF, n = 3 ethanol/PS1145, n = 4 ethanol/CPT-157633). *P <
0.05, control/aCSF versus ethanol/aCSF; $P < 0.05, control/aCSF versus ethanol/PS1145; #P
< 0.05, control/aCSF versus ethanol/CPT-157633; &P < 0.05, ethanol/aCSF versus ethanol/
CPT-157633. Bars that do not share the same letter are significantly (P < 0.05) different
from each other, per two-tailed unpaired Student’s t test.
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Table 1

Body weights of female rats before and after surgery on the day of the experiment. Values are presented as
means ± SEM. *P < 0.05, per two-tailed unpaired Student’s t test. i.p., intraperitoneal.

Group Presurgical (g) n Postsurgical (g) n

Hyperinsulinemic (3 mU) clamp/control 251 ± 9.4 9 231 ± 9.4 9

Hyperinsulinemic (3 mU) clamp/ethanol 247 ± 12.7 8 230 ±18.5 8

Hyperinsulinemic (3 mU) clamp/control 230 ± 8.32 7 224 ± 10.57 7

  30 hours after last i.p. injection

Hyperinsulinemic (3 mU) clamp/ethanol 234 ± 5.75 8 231 ±8.17 8

  30 hours after last i.p. injection

Basal clamp (0.8 mU) 245 ± 19.5 9 241 ±17.5 9

  MBH aCSF without ethanol

Basal clamp (0.8 mU) 244 ± 14.6 9 246 ±18.9 9

  MBH insulin without ethanol

Basal clamp (0.8 mU) 230 ± 12.3 7 227 ± 9.0 7

  MBH aCSF/ethanol

Basal clamp (0.8 mU) 229 ± 14.1 6 230 ± 8.1 6

  MBH insulin/ethanol
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