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Under physical activity a wide variety of cellular metabolic products and hormones are altered in the blood
stream, including lactate, ametabolite of pyruvate reduction, and growthhormone (GH). Although a positive cor-
relation between lactate andGH seems to exist during exercise, the role of lactate as amediator of GH production
has never been investigated. Thus, the aim of this study was to investigate whether lactate could activate the
somatotropic axis and stimulate GH synthesis/release, contributing to the enhanced somatotropic activity
described in exercise conditions.
Male adultWistar ratswere acutely treatedwith sodium lactate [15 or 150 μmols, i.p.] at the beginning of the active
period (Zeitgeber time 13–14), and euthanized by decapitation 30, 60 and 120 min after the injections. Serum GH
concentration were determined using ELISA and Gh and Igf-1mRNA expressions were quantified by qPCR.
Serum GH concentration and Gh mRNA expression were increased 30 min after lactate injections for both
treatments. However, [15 μmols] of lactate injection kept GH serum concentration chronically high throughout
the experimental period. Igf-1 mRNA expression was increased only 60 min after challenge with [15 μmols] of
lactate, time point which corresponded to 30 min after the serum GH peak.
The present results led us to conclude that lactatemediates activation of the somatotropic axis, therefore empha-
sizing its possible role onGH synthesis/release, and further indicating that it could play a part on the increasedGH
secretion observed in exercise conditions.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

It is well described in the literature that different types of physical
activitymediate lactate release [1,2]. The lactate, produced by anaerobic
glycolysis through pyruvate reduction, behaves as an intramuscular
oxidizing agent, an important substrate for liver gluconeogenesis and
an energy substrate for the maintenance of general cellular physiology,
including neuronal activity [3,4]. Recently, several studies have shown
that lactate induces prolactin release [5] and production of brain-
derived neurotrophic factor [6], which is known to improve cognitive
function. Under intense muscular activity, lactate production is further
stimulated, resulting therefore in its release. Sports physiologists often
measure blood levels of lactate as a parameter of physical exercise
intensity and muscle fatigue. Like lactate, the secretion of growth
hormone (GH), which is produced by the somatotropic cells of anterior
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pituitary, is elevated during exercise and it also seems to depend on
volume and intensity of the activity [7]. The immediate action of
serum GH increment is the stimulation of insulin-like growth factor 1
(IGF-1) synthesis. IGF-1 is a hepatic hormone that induces longitudinal
growth, body weight gain; and together with GH contributes to im-
provement of body growth and development. Besides it, GH also plays
an important role on the stimulation of hepatic gluconeogenesis, lipoly-
sis in white adipose tissue, amino acid transport and gene transcription
[8,9]. Several studies have shown that many biological factors related to
exercise, including stress-induced growth hormone releasing hormone
(GHRH) release, catecholamines, as well the rapid reduction of glyce-
mia, are themainmodulators of GH synthesis/release [10–12]. Although
previouswork showed a positive correlation of GH and lactate release in
a heavy-resistance exercise protocol [13], the role of lactate as a media-
tor of GH synthesis/release has not been investigated so far.

In the present study, we investigated the effect of a single injection
of lactate on the activity of the somatotropic axis. Our hypothesis is to
provide novel insights of lactate as a metabolite that activates GH-IGF-
1 axis, which could place it as a contributing factor to the elevation of
GH in exercise, as well as a therapeutic tool to be used in disorders of
the somatotropic axis.
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Fig. 1. Serumgrowth hormone (GH) concentration. GH levels are presented as % from con-
trols (100%) ± SEM. Two-way ANOVA *p = 0.0485 for treatment, no difference for
Bonferroni's post-hoc test. n = 5 animals/group/time point.

Fig. 2. Lactate induction of Igf-1 and GhmRNA expression. The values were normalized by
Rpl19 mRNA expression and are presented as fold change ± SEM. n = 5 animals/group/
time point. (A) Igf-1mRNA expression in the liver. Two-way ANOVA @p= 0.0444 for in-
teraction, *p b 0.05 vs its control for Bonferroni's post-hoc test. (B)GhmRNA expression in
the pituitary. Two-way ANOVA @p = 0.007 for treatment and #p = 0.0153 for period,
**p b 0.01 vs its control for Bonferroni's post-hoc test.
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2. Methods

2.1. Animals

Male Wistar rats weighing 280–300 g were obtained from the Insti-
tute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil.
The animals were kept on a 12 h/12 h light/dark (LD) cycle (lights on
at 06:00 am, Zeitgeber time— ZT 0), in a temperature controlled room
(21 ± 2 °C) and had access to food and water ad libitum. The animals,
n = 5 animals/group/time point, received a single i.p. injection of
sodium lactate (Sigma, St. Louis, MO, USA), [30 and 300 mM in 0.5 mL
of saline 0.9%, which was used as vehicle], which is equivalent to 15
and 150 μmols of lactate, respectively, at the beginning of the active
period (ZT 12–13). The animals were euthanized by decapitation after
30, 60 and 120 min of injections and the pituitary, liver and serum
were collected, frozen and kept for approximately aweek at−80 °C be-
fore subsequent analysis. Ethics approval was granted by the Committee
of Ethics in Animal Experimentation of the Institute of Biomedical
Sciences, University of São Paulo, São Paulo, Brazil. # 137, p. 110, book 02.

2.2. GH determination

Serum GH concentration was quantified by the Rat/Mouse Growth
Hormone ELISA kit from Millipore (St. Charles, MO, USA) as previously
described [14].

2.3. Quantitative RT-PCR

Total RNA was isolated from rat pituitary and liver, using the TRIzol
Reagent (Life Technologies, USA) according to the manufacturer's in-
structions. RNA concentrationwas determined byNanoDrop and integ-
rity evaluated in a 1% (wt/vol) agarose gel containing ethidium
bromide, visualized with ultraviolet transilluminator and 1 μg of total
RNA was reverse transcribed (Invitrogen Corp., Carlsbad, CA, USA). Igf-
1 and Gh mRNA expressions were evaluated by Real Time-PCR using
Rotor Gene Q (QIAGEN, Hilden, Germany) and SYBR GREEN (Applied
Biosystems, Warrington, UK) as fluorescent dye. Gene expressions
were evaluated by the 2−ΔΔCt method using ribosomal protein L19
(Rpl19) expression as inner control. All samples were compared using
the relative cycle threshold, which is the calculated cycle number
where the fluorescence signal emitted is significantly above the
background levels. Rat primer sequences used for Igf-1, Gh and Rpl19
mRNA amplifications were: Igf-1 — forward 5′-AAGCCTACAAAGTCAG
CTCG-3′, reverse 5′-GGTCTTGTTTCCTGCACTTC-3′; Gh — forward 5′-
GAGTTCGAGCGTGCCTACATTC-3′, reverse 5′-GCAGGAGAGCAGCCCATA
GTTT-3′ and Rpl19 — forward 5′-CCAATGAAACCAACGAAATCG-3′,
reverse 5′-TCAGGCCATCTTTGATCAGCTT-3′.

2.4. Statistical analysis

Data were analyzed using the GraphPad Prism (GraphPad Software
version 5.01, San Diego, CA, USA) statistical analysis program.
Two-way ANOVA, followed by Bonferroni's post hoc test was used at a
significance level of p b 0.05. The main effects analyzed were lactate
treatments, periods and their interactions.

3. Results

According to our findings, a single injection of sodium lactate
[150 μmols] evoked a significant increase in serum GH concentration
in 30, 60 and 120minwhen compared to its respective controls. This in-
crease was also observed for [15 μmols] in 30 min, but not for 60 and
120min. In these time points, serum concentrations of GH have already
returned to values, similar to their controls (Fig. 1).

In order to evaluate the repercussions of lactate injection in the
somatotropic axis the hepatic and pituitary mRNA expressions of Igf-1
and Gh were also respectively investigated. Fig. 2A shows a significant
increase of Igf-1 mRNA expression only 60 min after lactate injection
in the [15 μmols] group, when compared to its control. However, Igf-1
mRNA expression was not different than its controls 30 min before or
even 60 min after the observed effect, independently of the treatment
(Fig. 2B). Interestingly, Gh mRNA expression presented an eight-fold
higher induction 30 min after lactate injection in both concentrations
(15 and 150 μmols), but no differences were observed 60 or 120 min
after lactate injection in both groups (Fig. 2B).
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4. Discussion

In this investigation we proposed to elucidate whether lactate
injection could stimulate the somatotropic axis, based on several studies
that have established a correlation of its production during exercise
challenge and GH secretion. Our findings highlight lactate as a factor
that activates the somatotropic axis, validating its contribution to the
increase of serum GH observed in exercise, showing therefore another
important physiological aspect of lactate, which is often indicted as
noxious to the body after intensive exercise. These results also point
to a possible role of this metabolite as a promising therapeutic tool in
the management of subjects with impaired GH synthesis/secretion.

The present data show that a single lactate injection (15 μmols)
leads to a quick (30min) increment of serumGH concentration, indicat-
ing that thismetabolite can act inducingGH release, which corroborates
in part with previous publication [15]. This increment is transient, since
at 60 min it returned to basal levels, and could be explained, in part, by
the GH short half-life, which is approximately 11min [16] and by its au-
tocrine negative feedback regulation [17]. In fact, other studies have
shown a serum GH elevation after 30 min of a stimulus [2]. This treat-
ment also increased Gh mRNA expression at the same time as serum
GH concentration, indicating that in parallel to the effects on GH release,
lactate also increased Gh gene expression, which suggests that both ef-
fectswere elicited independently fromeach other. The induction of Igf-1
mRNA expression, observed 60min after lactate injection, might be due
to the previous elevation of serum GH levels, as already described [18].

Lactate injection in a dose 10-fold higher (150 μmols) also increased
serumGH concentration at 30min post treatment. However, this incre-
ment was maintained throughout the analyzed period (till 120 min),
indicating that GH secretion was sustained, which could explain the re-
duction of Gh mRNA expression 60 and 120 min after lactate injection
by its own negative feedback through GHRH and activation of somato-
statin [17]. Although this dose is 10 times higher than that used before
(15 μmols), the increase on Gh mRNA expression presented the same
magnitude, which do not exclude a differential regulation of protein ex-
pression. Therefore, it is possible to infer that lactate, at this concentra-
tion, might recruit additional cellular mechanisms, maintaining a
sustainable serum GH concentration [19]. Considering that liver Igf-1
mRNA expression depends on the pulsatile secretion pattern of GH,
the sustained higher serum GH levels, from 30–120 min, could explain
why the expression of Igf-1 mRNA was kept under basal conditions, as
already described [20].

In fact, several reports describe a simultaneous elevation of GH and
lactate during physical activity; however this is the first study showing
that lactate, per se, activates the somatotropic axis. Therefore, it is possi-
ble to speculate that during physical exercise the released lactate could
directly induce GH synthesis and secretion, contributing to the recog-
nized increase of serumGHand IGF-1 levels detected in exercises states;
furthermore, lactate is a substrate of gluconeogenesis, which is known
to be activated by GH.

Although the mechanisms recruited by lactate to trigger the effects
presented herein are currently under investigation, our findings show
that a single injection of lactate increases Gh mRNA expression and
serum levels, impacting on hepatic Igf-1 mRNA expression, in specific
circumstances. The novelty of these results includes lactate in the hall
of hormone/metabolites that could enhance somatotropic axis activity
and strengthen evidences of its importance to a physiological context.
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