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The metabolism of lactate to pyruvate in the mediobasal
hypothalamus (MBH) regulates hepatic glucose production.
Because astrocytes and neurons are functionally linked by
metabolic coupling through lactate transfer via the astrocyte-
neuron lactate shuttle (ANLS), we reasoned that astrocytes might
be involved in the hypothalamic regulation of glucose metabo-
lism. To examine this possibility, we used the gluconeogenic
amino acid proline, which is metabolized to pyruvate in astro-
cytes. Our results showed that increasing the availability of
proline in rats either centrally (MBH) or systemically acutely
lowered blood glucose. Pancreatic clamp studies revealed that
this hypoglycemic effect was due to a decrease of hepatic glucose
production secondary to an inhibition of glycogenolysis, gluco-
neogenesis, and glucose-6-phosphatase flux. The effect of proline
was mimicked by glutamate, an intermediary of proline metab-
olism. Interestingly, proline’s action was markedly blunted by
pharmacological inhibition of hypothalamic lactate dehydroge-
nase (LDH) suggesting that metabolic flux through LDH was re-
quired. Furthermore, short hairpin RNA–mediated knockdown of
hypothalamic LDH-A, an astrocytic component of the ANLS, also
blunted the glucoregulatory action of proline. Thus our studies
suggest not only a new role for proline in the regulation of he-
patic glucose production but also indicate that hypothalamic
astrocytes are involved in the regulatory mechanism as well.
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A
strocytes have long been considered as support
cells for neurons in the central nervous system
(CNS). Studies in recent years, however, have
suggested that astrocytes are involved in

a number of active roles, including information processing,
signal transduction, regulation of neural plasticity (1–3),
and, more recently, memory consolidation (4). Astrocytes
and neurons are functionally linked through metabolic
coupling driven by neuronal activity (5,6). Astrocytes
produce lactate from various substrates, and lactate is
subsequently released from astrocytes, taken up by neu-
rons, and converted back to pyruvate. The latter is next
oxidized for energy production in neurons. Lactate

transfer from astrocytes to neurons is possible thanks to
the activity of the astrocyte-neuron lactate shuttle (ANLS)
(7,8). Directional lactate transfer through the ANLS is
based on the differential distribution of monocarboxylate
transporters (MCTs) and lactate dehydrogenase (LDH)
isoenzymes (7,9). Astrocytes express MCT4 and LDH-A,
whereas neurons are enriched in MCT2 and LDH-B (7,9).
The conversion of pyruvate to lactate in astrocytes
requires the action of LDH-A. Lactate is then exported
through the MCT4, taken up by neurons through MCT2,
and converted back to pyruvate by the action of LDH-B.
Because glucose and pyruvate are both known LDH-
dependent hypothalamic modulators of glucose metabolism
(10), we reasoned that lactate transfer from astrocytes to
neurons might be involved. To test this concept, we chose
the gluconeogenic amino acid proline as a probe. Astro-
cytes but not neurons metabolize gluconeogenic amino
acids into pyruvate (11), in contrast to glucose and pyru-
vate, which can be metabolized by both astrocytes and
neurons. Amino acids gain access to the CNS through
a facilitative transport system (12). Proline is first con-
verted to glutamate (11) and subsequently metabolized to
a-ketoglutarate, which in turn enters the tricarboxylic acid
cycle to form pyruvate (Fig. 1A). Next, pyruvate is me-
tabolized to acetyl-CoA and subsequently carboxylated to
malonyl-CoA, a key molecule in the central regulation of
hepatic glucose metabolism by hypothalamic nutrient
sensing (13). We therefore sought to investigate whether
the metabolism of the gluconeogenic amino acid proline
into pyruvate in the MBH regulates hepatic glucose pro-
duction by a mechanism requiring the functionality of the
ANLS.

RESEARCH DESIGN AND METHODS

Animal preparation. The animal studies were approved by the Institutional
Animal Care and Use Committee of the Albert Einstein College of Medicine.
Ten-week-old male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) underwent stereotactic surgery for implantation of double
cannulas in the MBH, as previously described (14). On recovery, we placed
indwelling vascular catheters for infusion and sampling (14). Postoperative
recovery was monitored by measuring daily food intake and body weight.
Proper placement of the cannulas was confirmed histologically in brain slices
prepared postmortem.
Central and systemic infusions. The in vivo experiments lasted a total of 360
min and were carried out in conscious rats that were restricted to 60 kcal of
food the night before to ensure comparable nutritional status. Separate groups
of rats received infusion into the MBH for 6 h as follows: 1) vehicle (artificial
cerebrospinal fluid), 2) 12 nmol proline, 3) 12 nmol proline plus 8 nmol LDH
inhibitor (oxamate) (10), or 4) 4 nmol glutamate. To assess the effect of acute
elevations of circulating proline on glucose kinetics, we performed systemic
infusions of either vehicle or proline (90 mmol/kg $ min) in animals that si-
multaneously received either vehicle or LDH inhibitor into the MBH. Similar
studies were also performed in animals without brain cannulas.
Measurements of in vivo glucose kinetics. During the intrahypothalamic
or systemic infusion, plasma metabolite levels were monitored under basal
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(0–240 min) and pancreatic clamp (240–360 min) conditions. A primed con-
tinuous infusion of 3-[3H]glucose (40-mCi bolus followed by a 0.4 mCi/min in-
fusion) (Perkin Elmer, San Jose, CA) was initiated at 120 min and maintained
throughout the study to assess glucose kinetics by tracer dilution methodol-
ogy, as described previously (15). At the end of the experiments, the rats were

anesthetized, and tissue samples were freeze-clamped in situ and stored at
280°C for subsequent analysis.
Analytical procedures and calculations. Plasma glucose was measured with
an Analox instrument (Analox Instruments USA Inc., Lunenburg, MA). Plasma
levels of hormones were determined by either ELISA (insulin, adiponectin) or

FIG. 1. Increased availability of the gluconeogenic amino acids proline and glutamate in the MBH lowers plasma glucose by inhibiting endogenous
glucose production through a carbohydrate sensing pathway. A, Schematic of proline and glutamate metabolism. B, Schematic of pancreatic
clamp procedure in rats receiving central infusions of gluconeogenic amino acids. C, Effect of the central administration of vehicle (n = 6, ○),
proline (n = 6,▲), and proline plus LDH inhibitor oxamate (n = 5,△) on plasma glucose levels. D–G, Effect of the central administration of vehicle
(n = 6, white bars), proline (n = 6, black bars), and proline plus LDH inhibitor oxamate (n = 5, gray bars) on glucose infusion rate (D), glucose
production (E), suppression of glucose production (F), and glucose utilization (G) during pancreatic clamps. H–K, Effect of the central admin-
istration of vehicle (n = 6, white bars) or glutamate (n = 6, black bars) on glucose infusion rate (H), glucose production (I), suppression of glucose
production (J), and glucose utilization (K) during pancreatic clamps. *P < 0.05 vs. vehicle. All values are mean 6 SEM. a-KG, a-ketoglutarate;
P5C, D’-pyrroline-5-carboxylic acid.
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radioimmunoassay (glucagon). The rates of phosphoenolpyruvate gluconeo-
genesis, glycogenolysis, and flux through glucose-6-phosphatase (Glc-6-Pase)
were calculated as previously described (15).
Hypothalamic injections of short hairpin RNA lentiviral vectors. A 2-mL
dose (108 particles/mL) of prevalidated recombinant lentiviral vectors (Thermo
Fisher Scientific, Waltham, MA) carrying either rat LDH-A short hairpin RNA
(shRNA) (mature target sequence 59-CTCAATTTGGTCCAGCGAA-39 based on
accessions NM_017025 XM_001080828) or a proprietary control nonsilencing
shRNA (RHS4348) were injected into the MBH through chronically implanted
cannulas. Specificity of the mature target sequence was confirmed with the
Basic Local Alignment Search Tool (BLAST, at http://blast.ncbi.nlm.nih.gov/
Blast.cgi). Ten days after the injections, the animals were catheterized for
clamp studies.
Western blot analyses. MBH samples from rats injected with shRNA vectors
were homogenized in radioimmunoprecipitation assay SDS buffer and analyzed
by Western blot as described previously (14) with primary antibodies to LDH-A
(Abcam, Cambridge, MA) and b-tubulin (Covance, Princeton, NJ).
G6pc and Pck1 gene expression in liver. G6pc and Pck1 gene expression in
the liver was measured using quantitative real-time PCR, as previously de-
scribed (14).
Statistical analyses. Statistical comparisons were assessed by unpaired
Student t test or ANOVA as appropriate by means of GraphPad Prism 5.04
software. Data are presented as means 6 SEM.

RESULTS

To determine whether enhancing proline metabolism in
the MBH modulates glucose metabolism, we first exam-
ined whether a primary increase in hypothalamic proline
per se was sufficient to modulate hepatic glucose pro-
duction. To increase the central availability of proline se-
lectively, we infused this amino acid or vehicle into the

MBH of conscious rats (Fig. 1B). The dose of proline se-
lected in these studies was based on the circulating levels
of all gluconeogenic amino acids (16). Central proline de-
creased plasma glucose and insulin levels (Fig. 1C and
Supplementary Table 1). To investigate the mechanism by
which proline decreased glucose levels, we next assessed
its effects during pancreatic basal insulin clamps designed
to control for the circulating levels of glucoregulatory
hormones (Fig. 1B). In the presence of basal circulating
insulin levels, the rate of glucose infusion required to
maintain glucose at its basal levels was marginal in rats
infused with vehicle in the MBH (Fig. 1D). In contrast,
after central infusion of proline, glucose had to be infused
at a significantly higher rate to prevent hypoglycemia (Fig.
1D). Glucose kinetics analysis showed that a marked in-
hibition of endogenous glucose production (Fig. 1E and F)
completely accounted for the effect of central proline on
whole-body glucose metabolism. In fact, the rate of glu-
cose utilization did not change (Fig. 1G). Before its con-
version to pyruvate, proline is metabolized to glutamate
(Fig. 1A). We reasoned that glutamate in the MBH should
be able to reproduce the effect of proline. To test this
possibility, we infused glutamate into the MBH and mea-
sured glucose kinetics under basal conditions and during
pancreatic clamps. The dose of glutamate used in these
studies was well below those known to produce neuro-
excitotoxic effects in vivo (17–19). As predicted, glutamate
in the MBH completely recapitulated the effect of proline

FIG. 2. Central infusion of proline in the MBH modulates liver glucose homeostasis through its metabolism to lactate. Effects of the central ad-
ministration of vehicle (n = 6, white bars), proline (n = 6, black bars), and proline plus LDH inhibitor oxamate (n = 5, gray bars) on the in vivo flux
of Glc-6-Pase (A), the relative contributions of glycogenolysis (B) and gluconeogenesis (C), and the hepatic expression of G6pc (D) and Pck1 (E)
genes. G6pc and Pck1 gene expression is normalized to that of the housekeeping gene 18s. *P < 0.05 vs. vehicle. All values are mean 6 SEM.
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on basal circulating glucose (vehicle 159 6 3 vs. glutamate
136 6 2 mg/dL) and endogenous glucose production dur-
ing pancreatic clamps (Fig. 1H–K).

To delineate the mechanisms by which central proline
metabolism modulates liver glucose homeostasis, we es-
timated the in vivo flux through Glc-6-Pase and the relative
contributions of glycogenolysis and gluconeogenesis to
liver glucose production. Central proline markedly de-
creased the flux through Glc-6-Pase in the liver (Fig. 2A).
Inhibition of hepatic glycogenolysis largely accounted for
the decrease in glucose production, although a decrease in
gluconeogenesis was also observed (Fig. 2B and C). The

hepatic expression of both G6pc and Pck1 was decreased
(Fig. 2D and E), whereas the levels of glucoregulatory
hormones were unchanged (Supplementary Table 1). Be-
cause proline can be metabolized to pyruvate, and the
latter regulates liver glucose fluxes on its conversion to
lactate (10), we examined the possibility that the metab-
olism of proline to pyruvate in hypothalamic astrocytes
modulates glucose homeostasis. To probe this hypothesis,
we infused proline in conjunction with oxamate, a com-
petitive inhibitor of LDH (10). Hypothalamic LDH in-
hibition negated the glucose-lowering effect of central
proline (Fig. 1C). During pancreatic clamps, LDH

FIG. 3. Circulating proline regulates hepatic glucose production through a central LDH-dependent mechanism. A: Schematic of pancreatic clamp
procedure in rats receiving systemic infusions of proline plus either vehicle or LDH inhibitor in the MBH. B–E: Effects of the systemic adminis-
tration of vehicle (n = 6, white bars), proline with central vehicle (n = 6, black bars), and proline plus central LDH inhibitor (n = 6, gray bars) on
glucose infusion rate (B), glucose production (C), suppression of glucose production (D), and glucose utilization (E). *P < 0.05 vs. vehicle. All
values are mean 6 SEM. IV, intravenous.
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FIG. 4. The glucoregulatory action of proline requires flux through astrocytic LDH-A in the MBH. A: Time line for studies on the effect of lentiviral
shRNA-mediated LDH-A knockdown and pancreatic insulin clamps. B: Schematic of pancreatic clamp procedure in rats receiving central (MBH)
infusions of proline. C: Representative Western blot of LDH-A knockdown in the MBH of rats. D: Quantification of LDH-A expression in the MBH of
rats receiving intrahypothalamic injections of either a control shRNA lentivirus (n = 6, white bar) or LDH-A shRNA lentivirus (n = 6, black bar).
E–H: Effect of central vehicle (VEH) and proline (PRO) in animals injected in the MBH with either control nonsilencing (n = 6, white bars) or LDH-
A shRNA (n = 6, black bars) on glucose infusion rate (E), glucose production (F), suppression of glucose production (G), and glucose utilization
(H). I: Schematic of the proposed mechanism for the regulation of liver glucose fluxes by proline by the ANLS in the hypothalamus. Astrocytes
express MCT4 and LDH-A, whereas neurons are enriched in MCT2 and LDH-B. *P < 0.05 vs. control. All values are mean 6 SEM. a-KG,
a-ketoglutarate; ARC, arcuate nucleus of the hypothalamus; CON, control; DHAP, dihydroxyacetone phosphate; DMX, dorsal motor nucleus of the
vagus; Glu, glutamate; KATP, ATP-sensitive potassium channel; NTS, nucleus of the solitary tract; PEP, phosphoenolpyruvate; SUR, sulfonylurea
receptor; TCA, tricarboxylic acid cycle.
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inhibition also negated the effects of central proline on
glucose production (Fig. 1D–F), liver glucose fluxes (Fig.
2A–C), and hepatic G6pc and Pck1 mRNA expression
(Fig. 2D–E). Importantly, we have previously shown that
central LDH inhibition per se (oxamate alone) does not
modify these parameters (10). We next asked whether
a moderate increase in circulating proline was capable of
regulating liver glucose production and whether these
effects required LDH flux in the MBH. We therefore per-
formed systemic infusions of proline in conscious rats
while simultaneously infusing either vehicle or LDH in-
hibitor in the MBH (Fig. 3A and Supplementary Table 2).
During pancreatic clamps, high levels of circulating pro-
line completely reproduced the effect of central proline
on liver glucose production (Fig. 3B–E). More impor-
tantly, under similar conditions the infusion of LDH in-
hibitor into the MBH markedly blunted the effect of
systemic proline on glucose metabolism (Fig. 3B–D), in-
dicating that the effect of circulating proline was cen-
trally mediated and LDH dependent. To rule out the
possibility that hypothalamic cannulas artificially dis-
rupted the integrity of the MBH, we performed similar
experiments in animals without cannulas. Under these
conditions, systemic proline was equally capable of reg-
ulating liver glucose production (Supplementary Fig. 1).
Next, to examine the consequences of perturbing the
ANLS functionality on the gucoregulatory action of pro-
line, we injected lentiviral particles carrying an LDH-A–
specific or a nonsilencing (control) shRNA into the MBH
of rats (Fig. 4A). Control studies in cultured cells dem-
onstrated that silencing LDH-A does not affect the ex-
pression of LDH-B (Supplementary Fig. 2). LDH-A was
decreased by 50% in animals injected with LDH-A shRNA
compared with a control (nonsilencing) shRNA as de-
termined in samples of MBH analyzed by western blot
(Fig. 4C and D). More importantly, during pancreatic
clamp studies (Fig. 4B and Supplementary Table 3) the
infusion of proline into the MBH of these LDH-A deficient
animals failed to inhibit glucose production (Fig. 4E–H),
nor did the vectors themselves seem to have independent
effects on glucose metabolism (Fig. 4E–H).

DISCUSSION

Our studies showed that enhancing the availability of the
gluconeogenic amino acid proline within the MBH acutely
lowers blood glucose through a robust inhibition of liver
glucose production secondary to an inhibition of hepatic
glycogenolysis and gluconeogenesis. To bring about this
modulatory action, proline engages a biochemical network
that requires its conversion to glutamate and carbon flux
through LDH in the MBH. In fact, central glutamate com-
pletely recapitulated the action of proline. It could be ar-
gued that the action of glutamate results from its
excitotoxic activity; this is unlikely, however, because the
doses of glutamate necessary to bring about excitotoxic
effects are much higher than the doses used in this study
(17–19). Moreover, either pharmacological or genetic in-
hibition of hypothalamic LDH, which lies downstream of
glutamate, completely attenuated the effect of proline. If
proline-derived glutamate had independent effects, these
would have persisted or perhaps even been enhanced
under these latter conditions. Importantly, the physiologi-
cal relevance of this regulatory mechanism is highlighted
by our observation that moderate elevations of cir-
culating proline acutely regulate liver glucose production,

suggesting that postprandial increases of circulating pro-
line can engage this central regulatory mechanism in
a manner similar to leucine (14). A substrate-like effect of
circulating proline in our studies is unlikely, because liver
gluconeogenesis from amino acids contributes to the reg-
ulation of blood glucose levels only under conditions such
as prolonged fasting (beyond 24 h), pregnancy, ketotic
hypoglycemia, and prolonged exercise (20). Of interest,
the central infusion of equimolar doses of the non-
metabolizable compound mannitol did not modify glucose
metabolism (21), ruling out osmolarity effects. In-
terestingly, although the available evidence suggests that
the signal that is relayed to the liver to adjust glucose
fluxes arises in neurons (13), the ability of LDH-A to ro-
bustly attenuate the glucoregulatory action of proline
strongly suggests not only that proline metabolism to lac-
tate in astrocytes is required but also a role for the ANLS.
Our findings are relevant to the ongoing debate on the
physiological roles of the ANLS, which has been shown to
play a critical role in neuronal energetics (5,6) and more
recently in long-term memory consolidation (4) in animal
models. Of note, the extent of LDH-A knockdown required
to attenuate central proline sensing is comparable to that
required in other published studies for disruption of the
function of various CNS protein targets (22–24). On the
basis of these experimental results, we postulate that
proline-derived pyruvate is converted to lactate in astro-
cytes, exported to neurons, and metabolized back to pyru-
vate to generate acetyl-CoA and malonyl-CoA (Fig. 4I), the
putative key signal that initiates communication with the
liver via vagal outflow (13). Previous studies on the modu-
lation of glucose metabolism by macronutrients in the CNS
have emphasized the role of hypothalamic neurons
(13,14,25). To our knowledge, the rodent studies presented
here are the first to suggest a role for proline and for the
ANLS in the regulation of liver glucose metabolism.

In conclusion, our studies on the hypothalamic sensing
of proline advance our understanding of the mechanisms
by which amino acids modulate glucose homeostasis. The
new network identified here may be relevant for the de-
velopment of nutritional or pharmacological interventions
for the control of hyperglycemia.
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