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Leptin treatment reverses hyperglycemia in animal models  
of poorly controlled type 1 diabetes (T1D)1–6, spurring  
great interest in the possibility of treating patients with  
this hormone. The antidiabetic effect of leptin has been 
postulated to occur through suppression of glucagon 
production, suppression of glucagon responsiveness or both; 
however, there does not appear to be a direct effect of leptin on 
the pancreatic alpha cell7. Thus, the mechanisms responsible 
for the antidiabetic effect of leptin remain poorly understood. 
We quantified liver-specific rates of hepatic gluconeogenesis 
and substrate oxidation in conjunction with rates of whole-body 
acetate, glycerol and fatty acid turnover in three rat models 
of poorly controlled diabetes, including a model of diabetic 
ketoacidosis8. We show that the higher rates of hepatic 
gluconeogenesis in all these models could be attributed to 
hypoleptinemia-induced activity of the hypothalamic-pituitary-
adrenal (HPA) axis, resulting in higher rates of adipocyte 
lipolysis, hepatic conversion of glycerol to glucose through 
a substrate push mechanism and conversion of pyruvate to 
glucose through greater hepatic acetyl-CoA allosteric activation 
of pyruvate carboxylase flux. Notably, these effects could be 
dissociated from changes in plasma insulin and glucagon 
concentrations and hepatic gluconeogenic protein expression. 
All the altered systemic and hepatic metabolic fluxes could be 
mimicked by infusing rats with Intralipid or corticosterone and 
were corrected by leptin replacement. These data demonstrate 
a critical role for lipolysis and substrate delivery to the 
liver, secondary to hypoleptinemia and HPA axis activity, in 
promoting higher hepatic gluconeogenesis and hyperglycemia 
in poorly controlled diabetes.

To understand the mechanisms driving hyperglycemia in T1D, we 
induced T1D in otherwise normal rats using streptozotocin. Rats with 
T1D had severe fasting hyperglycemia and ketoacidosis associated 
with approximately 90% lower plasma insulin and leptin concentra-
tions and 90% higher plasma glucagon concentrations compared to 
control nondiabetic rats (Fig. 1a–d and Supplementary Table 1).  

These changes occurred without any differences in the relative contribu-
tions of hepatic gluconeogenesis (91 ± 4% compared to 91 ± 2% (mean ±  
s.e.m.) in control rats and those with T1D, respectively) and renal 
gluconeogenesis (9 ± 4% compared to 9 ± 2% in control rats and those 
with T1D, respectively) to rates of whole-body glucose production. 
Normalizing plasma leptin concentrations in the rats with T1D with a 
6-h intra-arterial leptin infusion resulted in 240 mg dl−1 lower plasma 
glucose concentrations compared to rats infused with an equal vol-
ume of saline associated with reversal of ketoacidosis without any dif-
ferences in plasma insulin, glucagon, adiponectin or fibroblast growth 
factor 21 (FGF-21) concentrations or in the phosphorylation of the 
glucagon target cyclic AMP response element-binding protein (CREB) 
(Fig. 1a–d and Supplementary Fig. 1a–c). Notably, normalization  
of plasma glucagon concentrations in these rats did not occur until 
24 h after leptin treatment, which was 18 h after the normalization 
of plasma glucose. Leptin treatment in rats with T1D was associated 
with 60% lower hepatic gluconeogenesis rates through reductions in 
the conversion of both pyruvate and glycerol to glucose (Fig. 1e). In 
contrast, although total tricarboxylic acid (TCA) cycle flux (VTCA) did 
not change, fatty acid oxidation was greater in the livers of rats with 
T1D compared to control nondiabetic rats, and this perturbation was 
reversed with leptin treatment (Supplementary Fig. 1d). The lower 
contribution of glycerol to hepatic gluconeogenesis with leptin treat-
ment was strongly associated with lower rates of whole-body lipolysis 
in treated compared to untreated rats with T1D, as reflected by 60% 
lower rates of whole-body glycerol and palmitic acid turnover and 
plasma glycerol and non-esterified fatty acid (NEFA) concentrations 
in the treated rats (Fig. 1f,g and Supplementary Fig. 1e,f). The higher 
rates of whole-body lipolysis in leptin-deficient rats with T1D were 
also associated with threefold higher acetate turnover, 250% higher 
plasma acetate concentrations and 80% higher liver acetyl-CoA  
concentrations, all of which were reversed with leptin treatment  
(Fig. 1h,i and Supplementary Fig. 1g).

As acetyl-CoA is a potent allosteric activator of pyruvate carboxy-
lase activity9–12 and an inhibitor of pyruvate dehydrogenase (PDH) 
activity13, the observed alterations in hepatic acetyl-CoA concen-
trations in the untreated and leptin-treated rats with T1D probably 
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explain the observed differences in hepatic pyruvate carboxylase flux 
(VPC) and hepatic PDH flux (VPDH) between these groups of animals. 
To determine the reason for the improvement in ketoacidosis with 
leptin treatment, we measured hepatic malonyl-CoA concentrations 
and found that, consistent with the reversal of ketoacidosis in the rats 
with T1D rats (as reflected by the normalization of the anion gap and 
reductions in plasma β-hydroxybutyrate concentrations14), the lower 
malonyl-CoA concentrations in the rats with poorly controlled T1D 
were normalized after leptin treatment (Supplementary Fig. 1h).

It is possible that leptin may also have a direct effect on muscle 
glucose uptake, peripheral insulin sensitivity or both, as has been 
reported in some1,15,16 but not all2,17 studies. However, our data imply 
that the effect of leptin in reversing fasting hyperglycemia can be  
explained for the most part by leptin-mediated suppression of sub-
strate delivery to the liver by reduction of whole-body rates of lipoly-
sis, resulting in lower rates of hepatic gluconeogenesis. To examine the 
mechanism for the greater lipolysis and its reversal with leptin treat-
ment, we measured plasma catecholamine, growth hormone and cor-
ticosterone concentrations. In contrast to the concentrations of plasma 
epinephrine and norepinephrine, which were not different between 
the groups, and growth hormone concentrations, which were lower in 
rats with T1D than in control rats, we found that plasma corticoster-
one and ACTH concentrations obtained at 12:00 p.m. were markedly 
greater in the rats with T1D than in control rats and that this effect was 
reversed with leptin treatment (Fig. 1j and Supplementary Fig. 1i–l).  
Taken together, these data suggest a critical role for the HPA axis in 
promoting the higher rates of lipolysis in the group with T1D.

To assess whether alterations in plasma insulin concentrations 
accounted for the hypoleptinemia, elevated gluconeogenesis or both 
in the streptozotocin-induced T1D model, we also measured hepatic 
fluxes in rats rendered both hyperglycemic and hyperinsulinemic by 

feeding a high-fat diet (HFD) for 3 days combined with low-dose 
streptozotocin and nicotinamide treatment (the hyperinsulinemic-
diabetic rat model) and found that all alterations in hepatic ana-
plerotic and oxidative fluxes in the T1D rat model were replicated 
in the hyperinsulinemic-diabetic rats. Hyperinsulinemic-diabetic 
rats were equally as hyperglycemic as the T1D group despite having  
~40-fold higher plasma insulin concentrations (Supplementary  
Fig. 2a,b), but in contrast to the rats with T1D, the hyperinsulinemic- 
diabetic rats were not ketoacidotic (Supplementary Table 2). However, 
hyperinsulinemic-diabetic rats had similar leptin deficiency as rats 
with T1D (Supplementary Fig. 2d). Restoring plasma leptin concen-
trations with a 6-h intra-arterial leptin infusion normalized plasma 
glucose, corticosterone and ACTH concentrations and the rates  
of hepatic gluconeogenesis from pyruvate and glycerol without  
altering plasma insulin concentrations or VTCA flux (Supplementary 
Fig. 2a–h). Similar to the T1D group, whole-body glycerol, fatty acid 
and acetate turnover were reduced with leptin treatment, as were 
hepatic acetyl-CoA concentrations (Supplementary Fig. 2i–l). 
In contrast, mRNA and protein expression of key gluconeogenic 
enzymes were not different between the control, hyperinsulinemic-
diabetic and T1D groups (Supplementary Fig. 3a–g). Taken together, 
these data imply that excess hepatic substrate flux, independent of 
insulin, is responsible for the uncontrolled gluconeogenesis of poorly 
controlled T1D and the improvement in glycemia associated with 
leptin treatment.

On the basis of these data, we next examined whether the higher 
rates of whole-body lipolysis due to leptin deficiency might have a role 
in causing excess gluconeogenesis in the rats with T1D. We reasoned 
that increased glycerol turnover would drive hepatic gluconeogenesis  
through a substrate-dependent process3,18, whereas an increase 
in acetate and fatty acid turnover would increase gluconeogenesis 
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Figure 1  Leptin reverses hyperglycemia and  
excess gluconeogenesis from pyruvate and  
glycerol in rats with streptozotocin-induced  
T1D. (a) Fasting plasma glucose concentrations  
in control nondiabetic rats, rats with T1D  
and rats with T1D treated with leptin  
(T1D-leptin). n = 8 controls, n = 6 T1D,  
n = 8 T1D-leptin. (b) Fasting plasma insulin  
concentrations. n = 7 controls, n = 7 T1D,  
n = 6 T1D-leptin. (c) Fasting plasma glucagon  
concentrations. n = 7 controls, n = 6 T1D,  
n = 16 T1D treated with leptin for 6 h, n = 5  
T1D treated with leptin for 24 h. (d) Fasting  
plasma leptin concentrations. n = 8 for all  
groups. (e) Hepatic gluconeogenesis from pyruvate (lower bars) and glycerol (upper bars). The P values over the bars are from comparisons of 
total gluconeogenic flux. In e–h, n = 6 for all groups. (f–h) Whole-body glycerol, fatty acid (palmitate) and acetate turnover. (i) Liver acetyl-CoA 
concentrations. n = 12 controls, n = 6 T1D, n = 6 T1D-leptin. (j) Plasma corticosterone concentrations measured at 12:00 p.m. n = 7 controls, n = 8 
T1D, n = 6 T1D-leptin. Throughout the figure, the data are shown as the mean ± s.e.m. *P < 0.05, ***P < 0.001, ****P < 0.0001 compared to control; 
##P < 0.01, ###P < 0.001, ####P < 0.0001 compared to T1D; §§§P < 0.001 compared to T1D-leptin 6 h. NS, not significant. Throughout the figure, all 
groups were compared using analysis of variance (ANOVA) with Bonferroni correction.
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through allosteric activation of pyruvate carboxylase by acetyl-CoA. 
To determine whether excess substrate availability alone could induce 
any of the changes to hepatic fluxes measured in rats with poorly 
controlled T1D, we performed a 24-h infusion of Intralipid along 
with heparin to activate lipoprotein lipase activity (Intralipid raises 
the levels of free fatty acids, and heparin activates lipoprotein lipase, 
which increases lipolysis, raising free fatty acid levels)19. Consistent 
with our hypothesis, this intervention resulted in higher plasma  
glucose concentrations and gluconeogenesis from both pyruvate and 
glycerol despite greater plasma insulin concentrations and no changes 
in plasma glucagon, FGF-21 or adiponectin concentrations (Fig. 2a,b 
and Supplementary Fig. 4a–d). As observed in the other diabetic 
rodent models, excess hepatic gluconeogenesis could be attributed 
to markedly higher rates of whole-body glycerol and fatty acid turn
over compared to nondiabetic controls without any difference in total 
hepatic TCA cycle flux (Fig. 2c–e and Supplementary Fig. 4e,f).  
As predicted by the greater VPC and reduced VPDH flux, hepatic acetyl 
concentrations were ~50% higher in the lipid-infused group com-
pared to the saline-infused control group (Fig. 2f).

To further investigate the putative role of substrate regulation as nec-
essary for leptin’s antidiabetic effects, we co-infused leptin-treated T1D 
rats with Intralipid and heparin and found that raising acetyl-CoA, 
glycerol and fatty acid concentrations by this intervention abrogated 
the effect of leptin to correct hyperglycemia and normalize the rates 
of hepatic gluconeogenesis from glycerol and pyruvate (Fig. 3a–f and 
Supplementary Fig. 5a–f).

Taken together, these data demonstrate that excess substrate flux, 
derived from excess peripheral lipolysis, drives the higher rates of 

hepatic gluconeogenesis in poorly controlled diabetes through 
increasing both glycerol supply and hepatic acetyl-CoA concentra-
tions, therefore allosterically activating pyruvate carboxylase. Thus, 
these studies demonstrate the critical roles of increased substrate 
delivery to the liver and allosteric regulation of pyruvate carboxylase 
activity as the key factors responsible for causing the higher rates of 
gluconeogenesis in poorly controlled T1D. Furthermore, by demon-
strating marked elevations in the rates of hepatic gluconeogenesis 
independent of changes in hepatic gluconeogenic protein expression, 
these results also challenge the canonical role for alterations in hepatic 
gluconeogenic gene and protein expression as the major contributor 
to higher hepatic gluconeogenesis in poorly controlled diabetes.

Because hypercorticosteronemia has been observed in leptin-
deficient and leptin-resistant rodent models20,21 and leptin has been 
identified as a suppressor of ACTH-dependent cortisol secretion  
in vitro22, we hypothesized that leptin deficiency may be responsible 
for higher HPA activity leading to higher rates of lipolysis and rates  
of gluconeogenesis in rats with T1D (Fig. 1e–j). To determine whether 
these elevations in plasma corticosterone concentrations would pro-
mote similar increases in rates of lipolysis as observed in rats with 
T1D, we injected HFD-fed rats with intra-arterial corticosterone for  
24 h to achieve similar plasma levels of corticosterone as those in rats 
with T1D (163 ± 19 compared to 187 ± 30 ng ml−1 (mean ± s.e.m.), respec-
tively, P = 0.6). This intervention resulted in approximately 100 mg dl−1  
higher plasma glucose concentrations compared to control rats, as well 
as greater hepatic gluconeogenesis from both pyruvate and glycerol 
despite threefold higher plasma insulin concentrations (Fig. 4a–c).  
In contrast, these changes were not associated with any changes in 
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Figure 2  Lipid infusion for 24 h in rats fed 
a HFD for 3 d replicates the perturbations 
to fluxes seen in type 1 diabetics and 
hyperinsulinemic-diabetic rats and implicates 
increased substrate supply in the excess 
gluconeogenesis of T1D. (a) Plasma glucose 
concentrations in high fat–fed nondiabetic 
untreated rats and rats fed a HFD and infused 
with heparin and Intralipid (HFD-lipid).  
(b) Hepatic gluconeogenesis from pyruvate 
(lower bars) and glycerol (upper bars). (c) TCA 
cycle flux from fatty acid oxidation (lower bars) 
and through PDH (upper bars). (d,e) Whole-
body glycerol and fatty acid (palmitate) turnover. (f) Liver acetyl-CoA concentrations. Throughout the figure, the data are shown as the mean ± s.e.m. 
of n = 6 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analyses were performed using two-tailed unpaired Student’s 
t test. Asterisks under the lower bars represent comparisons of gluconeogenesis from pyruvate, asterisks over the upper bars represent comparisons of 
gluconeogenesis from glycerol and the uppermost asterisks represent comparisons with total gluconeogenesis.
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Figure 3  Substrate (Intralipid and heparin) infusion 
blocks the effect of leptin to suppress hepatic 
gluconeogenesis in rats with T1D. (a) Fasting 
plasma glucose in rats with T1D treated with  
leptin or treated with leptin and infused with lipids 
(T1D-leptin-lipid). (b) Hepatic gluconeogenesis 
from pyruvate (lower bars) and glycerol (upper 
bars). (c) VTCA from fatty acid oxidation (lower  
bars) and through PDH (upper bars). (d,e)  
Whole-body glycerol and palmitic acid oxidation.  
(f) Liver acetyl-CoA concentrations. Throughout  
the figure, the data are shown as the mean ± s.e.m. 
of n = 6 per group. *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.0001. Statistical 
analyses were performed using two-tailed unpaired Student’s t test. Asterisks under the lower bars represent comparisons of gluconeogenesis from  
pyruvate, asterisks over the upper bars represent comparisons of gluconeogenesis from glycerol and the uppermost asterisks represent comparisons with  
total gluconeogenesis.
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the TCA cycle flux (Fig. 4d). The higher rates of hepatic gluconeo-
genesis in corticosterone-infused rats were driven by greater whole-
body glycerol, fatty acid and acetate turnover compared to control 
rats associated with higher plasma glycerol, fatty acid and acetate 
concentrations, as well as hepatic acetyl-CoA concentrations similar 
to those in rats with T1D (Fig. 4e–h and Supplementary Fig. 6a–c). 
In contrast, there were no differences in plasma glucagon, FGF-21 or 
adiponectin concentrations between the rats treated with corticoster-
one and control rats (Supplementary Fig. 6d–f).

To test the mechanism of ACTH-driven increases in corticosterone 
in driving hyperglycemia in rats with T1D, we inhibited the activity of 
the glucocorticoid receptor–the receptor for corticosterone–by treating 
diabetic rats with mifepristone, a potent antagonist for this receptor23.  
Consistent with a major role for higher HPA activity in driving greater 
lipolysis and hepatic gluconeogenesis, treatment with mifepristone 
resulted in >200 mg dl−1 lower fasting plasma glucose concentrations 
compared to the control group with T1D despite identical fasting plasma 
insulin and glucagon concentrations (Supplementary Fig. 7a–c).  
Improvements in glycemia in the treated group could be attributed to 
less hepatic gluconeogenesis from both pyruvate and glycerol without 
any changes in total VTCA (Supplementary Fig. 7d,e). As compared to 
control rats with T1D, mifepristone-treated rats with T1D exhibited 
75–85% lower whole-body glycerol, fatty acid and acetate turnover, as 
well as >40% lower plasma glycerol, fatty acid and acetate concentra-
tions associated with 60% lower hepatic acetyl-CoA concentrations 
(Supplementary Fig. 7f–l). Thus, the lower fasting plasma glucose 
concentrations in hyperglycemic rats with T1D treated with mifepris-
tone could be attributed to lower rates of whole-body lipolysis and 
less hepatic acetyl-CoA content.

To determine whether these findings were specific to the acute 
ketoacidotic state of rats with streptozotocin-induced T1D, we also 
examined BioBreeding (BB) rats, a genetic rat model of spontaneous 
T1D. Similar to the streptozotocin-induced T1D model, the BB rats 
exhibited severe hyperglycemia associated with hypoleptinemia, as well 
as hyperglucagonemia and insulinopenia (Supplementary Fig. 8a–d).  
Correcting hypoleptinemia normalized plasma glucose concentra-
tions and hepatic gluconeogenesis within 6 h by correcting lipolysis 
and normalizing hepatic acetyl-CoA concentrations (Supplementary 
Fig. 8e–j). Consistent with our findings in other diabetic rat models,  
hyperglycemia was associated with higher plasma corticosterone 
and ACTH concentrations compared to control animals, which  
were corrected in the leptin-infused group (Supplementary Fig. 8k,l). 

Also similar to our observations in streptozotocin-treated rats with 
T1D, plasma glucagon concentrations normalized after 24 h of leptin 
treatment, which was more than 12 h after the reductions in plasma 
concentrations of ACTH, corticosterone and plasma glucose, thus 
temporally dissociating leptin-induced reductions in plasma glucagon 
concentrations from leptin-induced reductions in plasma ACTH, cor-
ticosterone and glucose concentrations (Supplementary Fig. 8c).

Taken together, these data identify a key role for hypoleptinemia-
induced increases in HPA activity in contributing to the higher rates 
of hepatic gluconeogenesis, fasting hyperglycemia and ketoacidosis 
in rodent models of T1D through glucocorticoid-mediated increases 
in lipolysis (Supplementary Fig. 9a) and provide the mechanism for 
correction of hyperglycemia in these animals after administration of 
leptin (Supplementary Fig. 9b)2,24,25. Furthermore, these results have 
potential translational importance given that previous studies have 
documented increases in plasma cortisol concentrations in diabetic 
ketoacidosis in patients with T1D26–28. Whether this mechanism also 
contributes to the ability of leptin to reverse insulin resistance and  
hyperglycemia in patients with severe lipodystrophy, in addition  
to its ability to decrease hepatic steatosis and intramyocellular lipid 
content29, remains to be determined.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Figure 4  Matching plasma corticosterone in 3-d HFD-fed corticosterone-infused rats to that of rats with T1D drives excess lipolysis, gluconeogenesis 
and hyperglycemia. (a) Fasting plasma glucose in nondiabetic, saline-infused control rats and rats fed a HFD and infused with corticosterone (HFD-
cort). (b) Hepatic gluconeogenesis from pyruvate (black or white bars) and glycerol (gray bars). (c) Fasting plasma insulin. (d) TCA cycle flux from  
fatty acid oxidation (lower bars) and through PDH (upper bars). (e–g) Whole-body glycerol, fatty acid (palmitate) and acetate turnover. (h) Liver  
acetyl-CoA concentrations. Throughout the figure, the data are shown as the mean ± s.e.m. of n = 6 per group. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Statistical analyses were performed using two-tailed unpaired Student’s t test.
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ONLINE METHODS
Animals. Male Sprague-Dawley rats weighing 300–400 g were obtained from 
Charles River Laboratories (Wilmington, MA) and allowed to acclimate for 
1 week before any studies were performed. Rats underwent surgery under 
general anesthesia with isoflurane to place catheters in the common carotid 
artery and internal jugular vein (PE50 and PE90 tubing, respectively, Instech 
Laboratories, Plymouth Meeting, PA). After at least 5 d of recovery, the animals 
underwent the studies described below. A timeline for each animal study is 
shown in the Supplementary Methods. All protocols were approved by the 
Yale University Animal Care and Use Committee.

To induce T1D, normal chow-fed rats were injected with 75 mg kg−1 strep-
tozotocin, and studies on those with tail vein blood glucose concentrations 
>300 mg dl−1 measured by the AlphaTrak2 glucometer were initiated 24 h later. 
BioBreeding (BB) rats were purchased from Biomedical Research Models, and 
studies were initiated when random tail vein blood glucose concentrations 
exceeded 400 mg dl−1. In the hyperinsulinemic-diabetic model, chow-fed  
rats were treated with 60 mg kg−1 nicotinamide and, 15 min later, 60 mg kg−1 
streptozotocin. Studies on those with blood glucose >250 mg dl−1 began 36 h 
later. Rats with anion gap >15 mEq l−1 measured by COBAS as described below, 
indicating diabetic ketoacidosis, were excluded from the hyperinsulinemic- 
diabetic group. In the leptin infusion studies, T1D or hyperinsulinemic-diabetic 
rats were infused with leptin for 6 h (0.125 mg kg−1 total) or an equivalent  
volume of saline, and glucose and fatty acid metabolism were studied as 
described below. Separate groups of T1D and BB rats were infused with leptin 
for 24 h and euthanized after an overnight fast. Plasma samples were obtained 
for measurement of glucagon concentrations.

In the HFD-lipid model, rats previously fed a safflower oil–based high-fat  
diet (HFD) (Dyets, Inc.) for 3 d to increase lipid turnover were infused  
through the arterial catheter for 24 h with heparin (2 U ml−1) and Intralipid  
(43.2 ml kg−1 total) or an equivalent volume of saline (control). Glucose and 
fatty acid metabolism were studied as described below.

In the HFD-corticosterone infused model, rats previously fed safflower-oil 
HFD for 3 d to increase lipid turnover were infused intra-arterially with corti-
costerone for 24 h (50 mg kg−1 total) or an equivalent volume of saline (control). 
Glucose and fatty acid metabolism were studied as described below.

In the leptin and substrate infusion studies, T1D rats were co-infused with 
leptin and heparin (2 U ml−1)/Intralipid (10.8 ml kg−1 total) or saline for 6 h, as 
illustrated in the Supplementary Methods. Glucose and fatty acid metabolism 
were studied as described below for the last 2 h of the study.

To further study the effect of excess glucocorticoids in type 1 diabetes, T1D 
was induced as described above. T1D rats were given an intraperitoneal injection 
of mifepristone (40 mg kg−1) 1 h before initiating an isotope infusion to study 
glucose and fatty acid metabolism.

13C and 3H tracer infusions. [3-13C] lactate and [3-3H] glucose were infused 
intra-arterially for 120 min in a primed-continuous infusion as described 
previously30. After 120 min, rats were euthanized by intravenous pentobar-
bital, and the liver was freeze clamped in situ in liquid nitrogen and stored 
at −80 °C for further analysis. To measure total glutamate, alanine, pyruvate, 
malate, succinate and aspartate enrichment from livers of rats infused with 
[3-13C] lactate, ~100 mg of liver was homogenized in 400 µl 50% acetonitrile, 
vortexed briefly and centrifuged at 4,000 r.p.m. for 10 minutes. The clear liquid 
layer was purified by filtration with the Pall Nanosep (100K) device for liquid 
chromatography–tandem mass spectrometry (LC/MS/MS) analysis, which 
was performed on an AB Sciex QTRAP 6500 equipped with a Shimadzu ultra 
fast liquid chromatography system and electrospray ionization source with 
negative-ion detection. The total 13C enrichment was monitored by neutral 
loss of water. The 13C atom percentage excess was calculated directly from the 
multiple reaction monitoring (MRM) peak intensities. A hypercarb HPLC 
column was used to separate glutamate and glutamine with a mixture solvent 
of water and acetonitrile because of their partial MRM transition overlaps. 
The optimized parameters for the mass spectrometer were as follows: curtain 
gas, 30; collision gas medium, probe temperature, 600 °C; ion source Gas 1 
and 2, 70; declustering potential, −50 V; entrance potential, −10 V; collision 
energy, −14.5 V; and collision cell exit potential, −13 V. Total hepatic citrate 
concentration was measured using this LC/MS method in samples spiked with 

an internal standard (d4 taurine), and glutamate and glutamine concentra-
tions were measured biochemically using the YSI Analyzer. Acetyl-CoA was 
measured as described below.

To measure positional metabolite enrichment, the liver samples were extracted 
for nuclear magnetic resonance (NMR) spectroscopy. ~3–4 g of ground liver 
was centrifuged in ~30 ml 7% perchloric acid. The pH of the supernatant was 
adjusted to 6.5–7.5, and the extract was dehydrated by lyophilizing for 2–3 d. 
The extract was resuspended in 500 µl potassium phosphate buffer (2.4 mM 
NaCOOH, 30 mM K2HPO4, 10 mM KH2PO4 and 20 mM DMSO (internal 
standard) in 100% D2O). The samples were run on the AVANCE 500-MHz 
NMR spectrometer (Bruker Instruments). Spectra were acquired with relaxation 
time = 1 s, dummy scans = 32 and number of scans = 8,000 per block × three 
blocks. Correction factors for differences in T1 relaxation times were determined 
from fully relaxed spectra of standard glutamate solutions. The total glutamate 
enrichment measured by LC/MS/MS was divided algebraically between the five 
carbons of glutamate based on the relative areas of the 13C NMR peaks.

To measure the total glucose enrichment, 30 µl of the extract for LC/MS/MS  
was extracted for glucose spectroscopy analysis as described previously31.  
13C NMR spectra were obtained as described above, and for glutamate, the  
total glucose enrichment by gas chromatography–MS (GC/MS) was divided 
algebraically to measure the enrichment at each glucose carbon.

To measure positional alanine enrichment, liver samples were extracted for 
NMR as described above, and the enrichment at [3-13C] alanine was measured 
by proton-observed, carbon-edited NMR as reported previously32.

Measurement of hepatic flux ratios. All flux ratios were measured from rats 
infused with [3-13C] lactate as described in the Supplementary Methods.

Measurement of absolute flux rates. Whole-body glucose production was mea
sured using steady-state (120 min) plasma samples infused with [3H] glucose.  
Plasma and tracer tritium activity were determined using a scintillation 
counter (PerkinElmer), and glucose production was calculated as reported 
previously33. To differentiate between hepatic and renal glucose production, 
we anesthetized a group of rats with isoflurane and infused [3H] glucose as 
described above to measure basal glucose production. We then ligated the 
kidneys by tying off the renal vascular supply with sutures and continued 
the [3H] glucose infusion. Renal glucose production was measured as the 
difference between basal glucose production and glucose production after 
ligating the renal vascular supply. Because our rats, which were fasted for 
16 h before each study, were highly glycogen depleted, we expected minimal 
glycogen breakdown and minimal contribution of glycogen to glucose produc-
tion; thus we assumed that all measured glucose production was the result of 
gluconeogenesis.

Absolute VPC was calculated by multiplying the percentage gluconeogen-
esis from pyruvate by the calculated hepatic glucose production based on the 
assumption that all glucose production from pyruvate was supplied by ana-
plerotic carbons through PC. Gluconeogenesis from glycerol was calculated 
as the difference between total gluconeogenesis and gluconeogenesis from 
pyruvate. Absolute VTCA was calculated by dividing the calculated VPC by the 
measured VPC/VTCA ratio. The absolute contribution of pyruvate to TCA cycle 
flux (VPDH) was calculated by multiplying the fraction of VPDH/VTCA by the 
calculated VTCA, and the fatty acid oxidation rate was calculated as the difference 
between VTCA and VPDH.

Whole-body acetate turnover was measured by assessing whole-body 
acetate turnover during a primed (0–5 min: 358 µmol/(kg-min), 5–10 min:  
178 µmol/(kg-min))-continuous (10–120 min: 130 µmol/(kg-min)) infusion. 
Plasma acetate concentrations before acetate infusions and acetate enrichment  
at steady state were measured by GC/MS34. Acetate turnover was calculated 
using the measured plasma enrichment:

Turnover
Tracer enrichment
Plasma enrichment

Infusi= −








1 * oon rate

Whole-body glycerol and fatty acid turnover were measured by infusing rats with 
[1,1,2,3,3-d5] glycerol (1.5 µmol/(kg-min)) and [U-13C] palmitate (50 µg/(kg-min))  
for 150 min. Steady-state glycerol enrichment and concentration as well as 
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palmitate enrichment were measured by GC/MS, and whole-body palmitate 
and glycerol turnover were calculated using the equation shown above.

Biochemical analysis. Plasma glucose concentrations were measured using 
the YSI Life Sciences 2700 Select Biochemistry Analyzer. Plasma insulin and 
glucagon concentrations were measured in samples spiked with aprotinin 
using radioimmunoassay by the Yale Diabetes Research Core. Plasma leptin,  
corticosterone, ACTH, epinephrine, norepinephrine, growth hormone,  
adiponectin and FGF-21 concentrations were measured by ELISA (Millipore, 
Abcam, MyBioSource, IBL International, IBL International, Life Technologies, 
Invitrogen and Millipore, respectively). Plasma electrolytes and carbon dioxide 
(as a surrogate for bicarbonate) were measured by COBAS, and anion gap 
was calculated as follows: anion gap = [Na+] + [K+] − ([CO2] + [Cl+]). Plasma  
β-hydroxybutyrate, alanine transaminase, aspartate transaminase and  
blood urea nitrogen concentrations were also measured by COBAS. NEFA 
concentrations were measured using a kit from Wako.

Measurement of liver CoA concentrations. Hepatic acetyl-CoA and malonyl-
CoA concentrations were measured by LC/MS/MS35,36.

mRNA and protein concentration measurements. Liver concentrations of 
PC, G6Pase and cytosolic PEPCK mRNA were measured by real-time PCR9. 
Concentrations of pyruvate carboxylase, G6Pase and cytosolic PEPCK proteins  
in liver mitochondria were measured and normalized to glyceraldehyde  
3-phosphate dehydrogenase (GAPDH) as reported previously37, with  
antibodies to each protein obtained from Santa Cruz (cat. nos. sc-46230,  
sc-33841, sc-377136 and sc-20357, respectively; dilutions 1:200, 1:200, 1:200 
and 1:500, respectively). Antibodies to CREB and phosphorylated CREB were 
obtained from Cell Signaling (cat. nos. 9197 and 9198, respectively; dilutions 
1:1,000 for both CREB and phosphorylated CREB), and western blots were 
performed as described above.

Statistical analyses. Statistical analyses were performed using GraphPad 
Prism 5.0d. Two-tailed unpaired Student’s t test was used for compari-
sons of two groups, and one-way analysis of variance with Bonferroni’s  
multiple comparison test was used for comparisons of three or four groups. 
Differences were considered significant at P < 0.05. All data are expressed  
as the mean ± s.e.m.
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