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Hypothalamic sensing of circulating lactate regulates
glucose production
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Abstract

Emerging studies indicate that hypothalamic hormonal signalling pathways and nutrient metabolism regulate glucose homeostasis in
rodents. Although hypothalamic lactate-sensing mechanisms have been described to lower glucose production (GP), it is currently
unknown whether the hypothalamus senses lactate in the blood circulation to regulate GP and maintain glucose homeostasis in vivo. To
examine whether hypothalamic sensing of circulating lactate is required to regulate GP, we infused intravenous (i.v.) lactate in the
absence or presence of inhibition of central/hypothalamic lactate-sensing mechanisms in normal rodents. Inhibition of cen-
tral/hypothalamic lactate-sensing mechanisms was achieved by three independent approaches. Tracer-dilution methodology in combi-
nation with the pancreatic clamp technique was used to assess the effect of i.v. and central/hypothalamic administrations on glucose
metabolism in vivo. In the presence of physiologically relevant increases in the levels of plasma lactate, inhibition of central lactate-sens-
ing mechanisms by lactate dehydrogenase inhibitor oxamate (OXA) or ATP-sensitive potassium channels blocker glibenclamide
increased GP. Furthermore, direct administration of OXA into the mediobasal hypothalamus increased GP in the presence of similar ele-
vation of circulating lactate. Together, these data indicate that hypothalamic sensing of circulating lactate regulates GP and is required
to maintain glucose homeostasis.
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Introduction

Glucose production (GP) is regulated by gluconeogenesis and
glycogenolysis. In type 2 diabetes, elevation of GP leads to fasting
hyperglycaemia [1]. An elevation of plasma gluconeogenic sub-
strate precursors such as free fatty acids (FFA) or lactate is also
seen in type 2 diabetes [2-5]. These findings led to the working
hypothesis that elevation of gluconeogenic substrate precursors
increases gluconeogenesis and GP. This hypothesis was tested in
human beings, dogs and rodents in vivo. The findings as a whole
indicate that during the pancreatic clamp, when gluco-regulatory
hormones and glucose levels are maintained at basal, intravenous
(i.v.) infusion of FFA or lactate increases hepatic gluconeogensis
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but, contrary to the hypothesis, not GP because of a compensatory
inhibition of glycogenolysis [6-9]. The underlying ‘nutrient-sens-
ing’ mechanisms that inhibit glycogenolysis and counteract the
direct effects of circulating FFA or lactate on hepatic gluconeogen-
esis remain to be explored. In this study, we began to assess the
underlying nutrient-sensing mechanisms that counteract the direct
effect of circulating lactate on hepatic gluconeogenesis in vivo.
The lipid-sensing mechanisms that counteract the direct effect
of circulating FFA on hepatic gluconeogenesis have recently been
studied [9]. It is demonstrated that the inhibition of hepatic
glycogenolysis induced by circulating FFA to restrain GP is medi-
ated by hypothalamic lipid-sensing mechanisms in rodents [9].
The hypothalamic lipid-sensing mechanisms to restrain
glycogenolysis and GP are disrupted in diet-induced insulin resist-
ance and obesity, leading to hyperglycaemia in response to
systemic lipid infusions [10]. This is in line with previous reports
indicating that in patients with metabolic stress conditions such
as type 2 diabetes, reciprocal changes in glycogenolysis do not
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Fig. 1 (A) Working hypothesis. The hypothalamic metabolism of lactate to pyruvate and the subsequent activation of the Karp channels are required to
maintain glucose homeostasis in response to systemic lactate elevations. Lactate dehydrogenase inhibitor oxamate. Karp channel blocker glibenclamide.
(B) Experimental design. Somatostatin (SRIF). During the final 30 min. of the clamps, (C) intravenous lactate infusion elevated plasma lactate levels
compared to control (saline, SAL) by ~2- to 2.5-fold. *P < 0.001 versus SAL. (D) Plasma glucose, (E) plasma insulin, (F) plasma adiponectin and

glucagon levels were comparable in all groups during the clamps.

compensate for changes in gluconeogenesis when plasma FFA
concentrations are experimentally manipulated [11].

Unlike the lipid-sensing mechanisms in the body, even in meta-
bolic stress patients with hyperglycaemia, an elevation of circulat-
ing lactate still does not increase GP because of an inhibition of
glycogenolysis [12]. Consistent with this, in contrast to hypothal-
amic lipid-sensing mechanisms [13], activation of central lactate
metabolism via direct delivery of lactate into the hypothalamus
lowers GP in normal and in early onset of diabetic and obese
rodents [14, 15]. On the basis of these observations, we postulate
that (/) the hypothalamic-sensing mechanism of circulating lactate
that regulate GP is intact in normal, diabetic and obese individu-
als, and (/i) these hypothalamic ‘nutrient-sensing’ mechanisms are
designed to counteract the direct stimulatory effect of circulating
lactate on hepatic gluconeogenesis to maintain glucose home-
ostasis. Given that the ability of the hypothalamus to sense circu-
lating lactate to regulate GP and maintain glucose homeostasis is
yet to be evaluated, this will be the first study to address our work-
ing hypothesis in normal rodents.

To examine whether the hypothalamus senses circulating lac-
tate to regulate GP and maintain glucose homeostasis in vivo, we
infused i.v. L-lactate to elevate plasma lactate levels in the pres-
ence or absence of direct inhibition of brain lactate-sensing mech-
anisms. To directly inhibit central/hypothalamic lactate-sensing
mechanisms, we independently infused (/) lactate dehydrogenase
inhibitor oxamate (OXA) into the third cerebral ventricle (intracere-
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broventricular — i.c.v.), (/i) i.c.v. ATP-sensitive potassium (Karp)
channel blocker glibenclamide (GLI) or (i) OXA directly into the
mediobasal hypothalamus (MBH) (Fig. 1A and B) that has been
previously described to prevent the inhibitory effects of central
lactate administration on GP [15]. Tracer-dilution methodology
and the pancreatic clamp technique were used to assess the effect
of i.v. and i.c.v/MBH administrations on whole body glucose
kinetics independent of changes in circulating gluco-regulatory
hormones. Based on this cross-discipline experimental approach,
we provided the first evidence, to our knowledge, that direct inhi-
bition of central/hypothalamic lactate-sensing mechanisms by
three independent methods increased GP and disrupted glucose
homeostasis in response to systemic lactate elevations in vivo.

Methods

Animal preparation

Adult 8-week-old male Sprague Dawley rats (250280 g) were obtained
from Charles River Laboratories (Montreal, QC, Canada) and maintained on
a standard light-dark cycle with access to rat chow and water ad libitum.
Rats underwent stereotaxic surgery to insert single catheters in the third
cerebral ventricle (i.c.v.) or bilateral catheters into the MBH 2 weeks before
the experiments in vivo as previously described [14, 16, 17]. One week
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Fig. 2 Central sensing mechanisms of circulating lactate regulate glucose production (GP). In the presence of systemic elevation of lactate, direct inhi-
bition of central lactate metabolism via i.c.v. administration of lactate dehydrogenase inhibitor oxamate (OXA) (compared to control) led to a marked
(A) decrease in exogenous glucose infusion rate and (B) increase in GP during the final 30 min. of the clamps. Similarly, direct inhibition of central Karp
channels viai.c.v. administration of blocker glibenclamide (A) decreased exogenous glucose infusion rate and (B) increased GP in response to systemic
lactate infusions. (C) Glucose utilization/uptake was comparable in all groups. *P < 0.001 versus SAL with i.c.v. vehicle or lactate with i.c.v. vehicle.

later, catheters were placed in the internal jugular vein and the carotid
artery for infusion and sampling during the clamp procedures as previ-
ously described [14, 16, 18]. Recovery from surgery was monitored by
measuring daily food intake and weight gain for 4-5 days after surgery.
The study animal protocol was approved by the Institutional Animal Care
and Use Committee of the University Health Network.

Clamp procedure in rats

All the rats were restricted to 20 g of food the night before the experi-
ments to ensure the same nutritional status. To groups of conscious
unrestrained rats, we infused i.v. sodium L-lactate (100 pmol/kg min.,
pH 7.0) to elevate plasma lactate concentrations by ~2- to 2.5-fold as
seen in exercise for 4 hrs (Fig. 1A-C). Central (i.c.v.) infusions consisted
of the (/) lactate dehydrogenase inhibitor OXA (dissolved in artificial cere-
brospinal fluid [ACSF] to 50 mM [5 wl/hr] and was first given as an i.c.v.
bolus [3 wl]), (i) Karp channel blocker GLI (dissolved in 5% DMSO to
100 wM; 5 wl/hr) or (iij) vehicle (5% DMSO or ACSF; 5 wl/hr) (Fig. 1B).
MBH infusions consisted of (/) OXA (50 mM; 0.33 wl/hr and was first
given as a MBH bolus [0.33 wl]) or (i) vehicle (ACSF; 0.33 wl/hr)
(Fig. 3A). It has been demonstrated that i.c.v. OXA or GLI and MBH OXA
administered at these concentrations alone do not affect glucose kinetics
but were sufficient to abolish the GP-lowering effect of direct brain lac-
tate administrations [15]. The infusion studies lasted a total of 360 min.
(Figs 1B and 3A). Briefly, i.c.v. vehicle (VEH) or OXA or GLI (Fig. 1B) and
MBH VEH or OXA (Fig. 3A) were infused throughout the experiments.
After 2 hrs of i.c.v. or MBH infusions, i.v. saline (SAL) or L-lactate infu-
sion and a primed-continuous infusion of [3-3H]-glucose (Perkin Elmer,
WoodBridge, ON, Canada; 40 w.Ci bolus; 0.4 nCi/min) were initiated at
120 min. and maintained throughout the study to assess the rate of GP
and glucose uptake based on the tracer-dilution methodology. Samples
for determination of [3-3H]-glucose specific activity were obtained at
10-min. intervals. From time 180-240 min. (steady-state basal period),
the rate of GP (mg/kg min.) and plasma glucose levels (mM) were 11.9 =
0.5and 8.3 = 0.1 (i.c.v. vehicle + i.v. saline), 12.7 + 0.2 and 8.0 + 0.2
(i.c.v. vehicle + i.v. lactate), 12.8 = 0.2 and 8.5 = 0.2 (i.c.v. OXA +
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i.v. lactate), 12.4 + 0.6 and 8.3 + 0.1 (i.c.v. GLI + i.v. lactate), 12.6 =
0.2 and 8.2 + 0.2 (MBH vehicle + i.v. lactate) and 12.2 = 1.2 and 8.9 =
0.6 (MBH OXA + i.v. lactate). A pancreatic clamp was performed in the
final 2 hrs of the study starting at 240 min; a continuous infusion of
insulin (1.5 mU/kg min.) and somatostatin (3 pg/kg min.) was adminis-
tered, and a variable infusion of a 25% glucose solution was started and
periodically adjusted to maintain the plasma glucose concentration at
~8 mM. Control groups (i.e. i.c.v. OXA + i.v. saline or i.c.v. GLI + i.v.
saline) were performed, and the GP during the clamps in both groups
(GP: i.c.v. OXA + i.v. saline, 6.0 = 0.8 or i.c.v. GLI + i.v. saline, 6.2 =
0.9) was comparable to i.c.v. vehicle + i.v. saline (Fig. 2B). Plasma sam-
ples for the determination of lactate, insulin, adiponectin and glucagon
concentrations were obtained at 10-min. intervals for the final 30 min. of
the infusion studies. The number of infusion experiments performed in
each group was n = 8 (i.c.v. vehicle + i.v. saline), n = 6 (i.c.v. vehicle +
i.v. lactate), n = 5 (i.c.v. OXA + i.v. lactate), n = 5 (i.c.v. GLI + i.v. lac-
tate), n = 5 (MBH vehicle + i.v. lactate), n = 5 (MBH OXA + i.v. lactate).

Biochemical analyses

Plasma lactate concentrations were determined by a kit in accordance with
manufacturer’s instructions (Sigma Diagnostics. St. Louis, MO, USA).
Plasma glucose concentrations were measured by the glucose oxidase
method (Glucose Analyzer, Analox Instruments, Lunenberg, MA, USA).
Plasma insulin concentrations were measured by radioimmunoassay
(RIA). Plasma adiponectin concentrations were measured by RIA (Linco
Inc., Austin, TX, USA). Plasma Glucagon concentrations were measured by
RIA (Linco Research, St. Charles, MO, USA).

Statistical analysis

Statistical analysis was done by anova or unpaired Student’s t-test as
appropriate. Statistical analysis was accepted as significant with a P-value
less than 0.05. Data are presented as means + S.E.M.
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Result

Here we first examined whether selectively blocking the central
effects of lactate through the i.c.v. administration of lactate dehy-
drogenase inhibitor OXA or Karp channel blocker GLI is sufficient
to alter the metabolic response of i.v. lactate infusion on GP and
disrupt glucose homeostasis (Fig. 1A). Systemic infusion of lac-
tate at 100 wmol/kg min. for 4 hrs elevated plasma lactate by ~2-
to 2.5-fold compared to i.v. saline infusion in normal rodents in
vivo (Fig. 1C). In the final 2 hrs of the lactate elevation, we per-
formed pancreatic-insulin clamps with tracer dilution methodol-
ogy to assess the effects of i.v. lactate on glucose kinetics inde-
pendent of changes in plasma gluco-regulatory hormones (Fig.
1B). Consistent with previous findings in human beings [8], i.v.
lactate infusion did not increase GP during the pancreatic clamps
when plasma glucose (Fig. 1D) and gluco-regulatory hormones
(Fig. 1E and F) were maintained near basal levels. To assess
whether central sensing mechanisms restrain plasma lactate from
elevating GP, we administered i.c.v. OXA 2 hrs prior and main-
tained throughout the i.v. lactate infusions. In the same experi-
mental conditions as i.v. saline/lactate with i.c.v. vehicle (Fig.
1C-F), central OXA administration decreased exogenous glucose
infusion rate required to maintain euglycaemia (Fig. 2A) in the
presence of similar degree of plasma lactate elevation (Fig. 1C).
This decrease in glucose infusion rate was due entirely to an ele-
vation of GP (Fig. 2B) rather than a change in glucose uptake (Fig.
2C). Together, these data indicate that direct inhibition of central
lactate metabolism disrupted glucose homeostasis and increased
GP in the presence of systemic lactate elevations.

To complement the function findings obtained with i.c.v. OXA,
we administered i.c.v. Karp channels blocker GLI to alternatively
negate central lactate effects and examine whether central sensing
mechanisms restrain plasma lactate to increase GP. Similar to the
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versus lactate with MBH vehicle.
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effects of i.c.v. OXA, central GLI administration decreased the
exogenous glucose infusion rate required to maintain euglycaemia
(Fig. 2A) in the presence of similar degree of plasma lactate eleva-
tion as observed in the other groups (Fig. 1C). The drop in glucose
infusion rate was caused by an increase in GP (Fig. 2B) and not a
change in glucose uptake (Fig. 2C). These findings indicate that
direct inhibition of central Karp channels disrupted glucose home-
ostasis in response to systemic lactate elevation.

To investigate the central neuroanatomical localization of the
CNS-sensing mechanisms of circulating lactate on GP, we
negated the lactate-sensing mechanisms specifically within the
MBH. We combined i.v. lactate infusions (100 wmol/kg min.) with
the administration of OXA (50 mM) bilaterally into the MBH (Fig.
3A). We first confirmed that similar to i.c.v. vehicle, MBH vehicle
did not affect glucose kinetics in the presence of i.v. lactate infu-
sions (Fig. 3B-D). In contrast, MBH OXA administration
decreased glucose infusion rate required to maintain euglycaemia
in the same degree of plasma lactate elevation (Fig. 3B). Again,
the decrease in glucose infusion rate was due to increased GP
(Fig. 3C), rather than a change in glucose uptake (Fig. 3D). Thus,
direct inhibition of lactate metabolism within the MBH disrupted
glucose homeostasis and increased GP in the presence of sys-
temic lactate infusions. It remains to be assessed whether the
hypothalamic restraining effect on GP in response to circulating
lactate is mediated by an inhibition of hepatic glycogenolysis
and/or gluconeogenesis.

Discussion

The hypothalamus has been recently demonstrated to detect a rise
in both hormones and nutrients to regulate peripheral metabolic
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processes [9, 15, 19-29]. Specifically, direct activation of either (/)
insulin/leptin signalling pathways [19, 21-25, 28, 29] or (i)
lipid/lactate metabolism [9, 15, 30] in the hypothalamus regulates
GP. Furthermore, the demonstration of the ability of the hypothal-
amus to sense circulating lipids to lower hepatic glycogenolysis
and restrain GP (9) has added to the existing knowledge of nutri-
ent-sensing mechanisms in the body. These findings, at least in
rodents, suggest that the hypothalamus senses circulating lipids
to counteract the direct stimulatory effects of lipids on hepatic glu-
coneogenesis. More importantly, the hypothalamic lipid-sensing
mechanisms are disrupted in the early onset of diet-induced obese
rodents, leading to a rise in GP and glucose levels induced by cir-
culating lipids [10]. These observations, if extended to human
beings, could in part begin to address the inability of the body to
compensate for a lipid-induced increase in gluconeogenesis in
type 2 diabetes [11].

In direct contrast to lipid-sensing mechanisms, the body has
the ability to inhibit hepatic glycogenolysis and restrain GP to
compensate for the circulating lactate-induced increase in hepatic
gluconeogenesis in both normal individuals and metabolic stress
individuals with hyperglycaemia [8, 12]. In an attempt to elucidate
the underlying mechanisms of lactate-sensing that are responsible
for this metabolic restraining effect on GP, we assessed whether
the hypothalamus senses an elevation of plasma lactate by 2- to
2.5-fold for 4 hrs to restrain GP and maintain glucose homeosta-
sis in normal rodents. We first evaluated the metabolic effects of
i.v. lactate infusion on glucose metabolism during pancreatic
clamps when gluco-regulatory hormones (Fig. 1E and F) and glu-
cose (Fig. 1D) were maintained near basal levels. Consistent with
previous reports in human beings [8], an elevation of circulating
gluconeogenic substrate precursor lactate did not increase GP. We
postulated that the hypothalamic lactate-sensing mechanisms are
responsible for this glucose homeostatic control. If this is true,
direct inhibition of CNS/hypothalamic lactate-sensing mecha-
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nisms should disrupt glucose homeostasis and lead to an eleva-
tion of GP in the presence of systemic lactate infusion. To test this
hypothesis, we directly inhibited CNS/hypothalamic lactate-sens-
ing mechanisms that regulate GP by three independent
approaches. During the pancreatic clamps, all three experimental
interventions in the brain (comparing to control) led to a marked
increase in GP in response to systemic lactate infusion. Together,
these data indicated that hypothalamic sensing mechanisms
restrain systemic lactate to increase GP and is required to main-
tain glucose homeostasis.

This is the first report that demonstrates the ability of the hypo-
thalamus to sense circulating lactate to restrain GP and maintain
glucose homeostasis in normal rodents. In light of the fact that (/)
direct central lactate administration lowers GP in normal and early
onset of diabetic and obese rodents [14, 15], (/i) an elevation of
circulating lactate does not increase GP in normal individuals and
in patients with hyperglycaemia [8, 12], we postulate that the
hypothalamic nutrient sensing mechanisms of circulating lactate
are intact in at least the early onset of diabetes and obesity.
However, future studies are required to address this hypothesis. In
summary, our data suggest that therapeutic strategies designed to
activate CNS lactate-sensing mechanisms by physiological route
could eventually be proven useful to maintain glucose homeosta-
Sis in vivo.
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