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Abstract

It has been shown that ingestion of glucose, amino acids, protein or mixed meals tends to increase serum and salivary cortisol concentrations
in healthy adults. Recently, it has been demonstrated that morning glucose ingestion stimulates pulsatile cortisol and adrenocorticotropic hor-
mone (ACTH) secretion, thus elevating their mean concentrations. In light of the above, a question arises: could the frequent food – and specifi-
cally glucose – consumption lead to hypercortisolism with possible clinical implications? And can the human body, under normal conditions
raise defence mechanisms against the transient hypercortisolism caused by the frequent glucose consumption? Studies have revealed novel
mechanisms, which are implicated in the glucocorticoid receptor (GR)-mediated action, providing a kind of glucocorticoid resistance. This glu-
cocorticoid resistance could be mediated through both enhancing acetylation (via, among others, regulation of essential clock genes such as
Per) and inhibiting deacetylation of GR (via possible regulation of sirtuin activity). Interestingly, the acetylation/deacetylation processes seem to
be regulated by glucose. Thus, glucose apart from causing increased cortisol secretion can, simultaneously, counter-regulate this hypercortiso-
lism, by promoting directly and/or indirectly a glucocorticoid resistance state. Undoubtedly, before extracting conclusions regarding the clinical
significance of the increased cortisol secretion following glucose ingestion, we should first thoroughly investigate the ‘defence’ mechanisms
provided by ‘nature’ to handle this hypercortisolism.
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Introduction

Glucocorticoids (GCs) are the cornerstone in the treatment of numer-
ous chronic autoimmune and inflammatory diseases due to their
potent anti-inflammatory and immunosuppressive properties. How-
ever, GC treatment is accompanied by significant metabolic adverse
effects, including insulin resistance, glucose intolerance and diabe-
tes. Notably, even low GC doses just above cortisol replacement
levels, as well as endogenous subclinical hypercortisolism, may
impair glucose tolerance by reducing hepatic and peripheral insulin
sensitivity [1, 2].

On the other hand, ingestion of glucose – as well as amino acids,
protein, or mixed meals – has been found to increase serum and sali-
vary cortisol levels in healthy adults [3, 4]. Both ACTH-dependent and
ACTH-independent mechanisms of food-induced cortisol secretion
have been postulated under physiological conditions [5, 6], although

the exact mechanisms still remain elusive. Feeding increases
noradrenaline turnover in some parts of the rat hypothalamus [7] and
it is possible that this may be the stimulus to postprandial ACTH
secretion via α-1 adrenoceptors activated also in humans [8]. In sup-
port of these findings, Iranmanesh et al. have recently demonstrated
that morning glucose ingestion stimulates pulsatile cortisol and ACTH
secretion [9]. The mechanism entailed selective augmentation of
ACTH and cortisol secretory-burst mass. Indeed, ACTH and cortisol
burst size rose comparably by 27–31% after 75 g oral glucose
administration [9].

In view of all the above, a question arises: does the frequent food
consumption, and specifically the frequent consumption of glucose-
containing foods lead to hypercortisolism with possible clinical impli-
cations?

The human body, under normal conditions, can raise defence
mechanisms against the transient hypercortisolism caused by the fre-
quent glucose consumption. Indeed, recent studies have unravelled
interesting mechanisms that are implicated in the GR-mediated
action, providing a kind of glucocorticoid resistance. These mecha-
nisms seem to be regulated, among others, by glucose. Thus, glu-
cose apart from causing increased cortisol secretion can,
simultaneously, counter-regulate this hypercortisolism, by promoting
directly and/or indirectly a glucocorticoid resistance state (Fig. 1).
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Glucose could promote directly and/or
indirectly a glucocorticoid resistance
state

GCs mediate their effects via their intracellular receptor GRa (the
classical GR), a member of the nuclear receptor superfamily (GRb,
albeit expressed widely, does not bind GCs). The GC–GR complex can
act as a transcription factor that regulates transcription of many
GC-responsive genes via several mechanisms. These include
trans-activation through binding of GC–GR complex to consensus
glucocorticoid response elements (GREs), as well as trans-repression
via interaction with other transcription factors such as activator pro-
tein-1 (AP-1) and nuclear factor jB (NF-jB) [10].

This transcriptional activity is modulated not only by various co-
regulators (co-activators and co-repressors) and other transcription
factors, but also via post-translational modifications of the GR pro-
tein, such as methylation, phosphorylation, acetylation etc [11].
Indeed, acetylation is a general epigenetic alteration that controls
activity of, among others, GR protein. The human GR was first shown
to be acetylated at lysines 494 and 495 located in its hinge region
[12]; this acetylation of GR was found to attenuate the binding of the
receptor to GREs hence repressing GR-induced trans-activation of
GRE-driven promoters, while it is also possible that GR acetylation
alters nuclear translocation of the receptor, with both the above
mechanisms leading to a kind of glucocorticoid resistance at the cel-
lular level. According to a recent work by Charmandari et al., GR acet-
ylation is higher in the morning than in the evening in human
peripheral blood mononuclear cells (PBMCs), mirroring the fluctua-
tions of circulating cortisol in reverse phase and serving as a counter
regulatory mechanism that effectively decreases tissue sensitivity to
GCs in the morning and increases it at night [12]. Interestingly, GR is
deacetylated by histone deacetylase 2 (HDAC2) [13]. It should be

noted that sirtuin 1 (Sirt1), a class III HDAC and one of the seven
human sirtuins, deacetylates several nuclear receptors; this HDAC
might also deacetylate the GR.

Apparently, changes in the glucocorticoid resistance – which rep-
resents a counter-regulatory mechanism against increased cortisol
secretion – could result from changes in the balance between acetyla-
tion and deacetylation of GR. For example, increased acetylation and/
or reduced deacetylation of GR could sustain a state of glucocorticoid
resistance.

Could glucose affect this acetylation/deacetylation process in a
manner that counter-regulates the increased cortisol secretion caused
by itself?

We know that glycolysis is employed by all body cells to obtain
part of the chemical energy entrapped in the glucose molecule. Glyco-
lytic pathway is known to lead to the net production of ATP, consum-
ing NAD during the metabolism of glyceraldehyde-3-phosphate to
1,3-diphosphoglycerate and NADH as products. Sirtuins – which may
deacetylate the GR – are unique in that they require NAD as a cofactor
[14, 15]. In a complicated reaction, sirtuins couple lysine deacetyla-
tion to NAD hydrolysis, yielding O-acetyl-ADPribose and nicotinamide
[15]. As such, sirtuin activity seems to be governed by cellular
[NAD]/[NADH] ratios and responds to changes in cellular metabolism
[16, 17]. An increased glycolytic activity would tend to provoke an
accumulation of NADH and lower NAD availability, resulting directly in
a decreased sirtuin (Sirt1) activity [18]. Moreover, a glucose chal-
lenge, by potentiation of insulin–insulin receptor signalling cascade
could down-regulate sirtuin activity via activation of mTOR signalling,
an effect mediated through repression of the nicotinamidase gene
PNC1 expression. In both cases, glucose, through decreasing the sir-
tuin activity, could allow GR to remain acetylated, thus sustaining a
glucocorticoid resistance state [18].

Is this the only possible mechanism for glucose to regulate acety-
lation/deacetylation of GR, promoting glucocorticoid resistance at the
cellular level?

Humans, like most other organisms, have an endogenous pace-
maker, the circadian locomotor output cycle kaput (CLOCK) system,
which generates a circadian (‘about a day’) rhythm in several physio-
logic processes, including hypothalamic–pituitary–adrenal (HPA)
secretion [19]. Both central and peripheral CLOCKs utilize the same
transcription regulatory machinery for generating intrinsic circadian
rhythms [20]. A central role in this machinery is played by the Clock
and its heterodimer partner brain-muscle-arnt-like protein 1 (Bmal1)
transcription factors. Interaction between Clock and Bmal1 stimulates
the transcription of other essential clock genes, such as Periods
(Per1, Per2 and Per3) and Cryptochromes (Cry1 and Cry2). The
resulting PER and CRY proteins heterodimerize, translocate to the
nucleus and interact with the Clock–Bmal1 complex to inhibit their
transcription. Of note, degradation of the PER–CRY repressor com-
plex allows the Clock–Bmal1 to become activated again [21].

Interestingly, it has been recently found that the Clock transcrip-
tion factor acetylates a lysine cluster located in the hinge region of the
human GR, including lysines at amino acid positions 480, 492, 494
and 495. These acetylations reduce GR’s affinity for its cognate GREs,
thus repressing the GR-induced transcription of several GC-respon-
sive genes (glucocorticoid resistance state) [22].

Fig. 1We consider that from one side glucose consumption triggers
cortisol secretion, thereby elevating its concentration, while from the

other side, it can promote a kind of glucocorticoid resistance. This glu-

cocorticoid resistance could be mediated through both enhancing acety-
lation (via, among others, regulation of essential clock genes such as

Per) and hindering deacetylation of GR (through possible regulation of

sirtuin activity).
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Could glucose regulate the CLOCK system, therefore controlling
the acetylation of GR?

A study by Hirota et al. identified glucose as a key molecule that
can directly reset the peripheral clock by down-regulating Per1 and
Per2 mRNA levels in rat fibroblasts [23]. In the same study, TIEG1
and VDUP1 were suggested as candidates for Clock-associated mole-
cule(s) mediating the glucose signal. It could be hypothesized that
this down-regulation of Per1 and Per2 liberates the Clock transcrip-
tion factor, allowing it to acetylate the GR.

Nevertheless, the finding of clock genes regulated by glucose sug-
gests the activation of several transcriptional regulators and cellular
pathways that have not been known to respond to glucose and that
remain to be investigated.

Discussion and considerations

It could be suggested that from one side, glucose consumption stim-
ulates cortisol secretion, thereby elevating its concentration, while
from the other side, it can promote a kind of glucocorticoid resis-
tance. This glucocorticoid resistance could be mediated through both
enhancing acetylation (via, among others, regulation of essential
clock genes such as Per) and hindering deacetylation of GR (through
possible regulation of sirtuin activity) (Fig. 1). Any dysregulation in
this acetylation/deacetylation process could lead to an excess cortisol
action, following carbohydrates consumption. Nonetheless, this is not
the only mechanism since, according to a recent study by Nader
et al., AMP-activated protein kinase (AMPK), the fuel sensor which is

regulated by AMP/ATP levels and consequently by glycolysis rate,
regulates GC actions by phosphorylating the GR hence modifying
transcription of GC-responsive genes [24].

It is conceivable that many points of this speculation remain
to be explored, such as: is this feedback loop which avoids an
increased cortisol action a generalized mechanism or a tissue-, or
even cell-specific one, serving special purposes? Could glucose-
induced effect on cortisol secretion and GR-mediated action
through receptor acetylation/deacetylation be expanded to other
food ingredients (amino acids, fatty acids)? And, finally, how aber-
rant regulation of this balance (secretion versus action) could con-
tribute to a possible glucose-induced or even food-induced
hypercortisolism?

Noteworthy, the response of the HPA axis to meals containing dif-
ferent macronutrient proportions has been recently investigated; a
higher cortisol secretion after ingestion of large amounts of carbohy-
drates compared with high-lipid/protein meal was shown, suggesting
a possible pathophysiological relevance in obesity [25, 26], albeit
there being still inconsistencies in the literature [27, 28].

Undoubtedly, before extracting conclusions regarding the clinical
significance of the increased cortisol secretion following glucose
ingestion, the ‘defence’ mechanisms provided by ‘nature’ to handle
this hypercortisolism should be first thoroughly explored.
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