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The Role of Glucocorticoids in Hepatic Gluconeogenesis, 
Associated Pathologies, and Novel Therapeutic Approaches

SUMMARY

Glucocorticoids are essential steroid hormones that play a pivotal role 
in regulating hepatic gluconeogenesis, thereby contributing to the 
maintenance of systemic glucose homeostasis. This review provides 
a comprehensive overview of the molecular mechanisms by which 
glucocorticoids modulate hepatic glucose production and explores their 
clinical implications in metabolic health and disease. Glucocorticoids 
exert their primary effects through genomic pathways, involving the 
translocation of activated glucocorticoid receptors (GRs) into the 
nucleus, where they bind to glucocorticoid response elements (GREs) on 
DNA. This interaction promotes the transcription of key gluconeogenic 
enzymes, notably phosphoenolpyruvate carboxykinase (PEPCK) 
and glucose-6-phosphatase (G6Pase). Additionally, glucocorticoids 
enhance the expression of these enzymes by synergizing with critical 
transcriptional regulators such as peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α), forkhead box 
protein O1 (FOXO1), and hepatocyte nuclear factor 4-alpha (HNF-
4α). Beyond their hepatic effects, glucocorticoids influence systemic 
metabolism by stimulating proteolysis and lipolysis in peripheral tissues, 
thereby increasing the availability of substrates for gluconeogenesis. 
Furthermore, they antagonize insulin signaling, contributing to 
insulin resistance. The local activation of glucocorticoids via the enzyme 
11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) adds another 
layer of regulation. Non-genomic effects through the cAMP/PKA/
CREB signaling pathway allows for rapid metabolic responses. Chronic 
glucocorticoid excess, as observed in conditions like Cushing’s syndrome, 
is linked to the development of type 2 diabetes. Emerging therapeutic 
strategies, including 11β-HSD1 inhibitors, selective GR modulators, 
and targeted inhibitors of gluconeogenic enzymes, present promising 
avenues for managing glucocorticoid-induced metabolic disorders.
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Glukokortikoidlerin Hepatik Glukoneogenezdeki Rolü, İlişkili 
Patolojiler ve Yeni Tedavi Yaklaşımları

ÖZ

Glukokortikoidler, hepatik glukoneogenezi düzenlemede önemli bir rol 
oynayan ve böylece sistemik glikoz homeostazının korunmasına katkıda 
bulunan temel steroid hormonlardır. Bu derleme, glukokortikoidlerin 
hepatik glikoz üretimini modüle ettiği moleküler mekanizmalara 
kapsamlı bir genel bakış sunmakta ve metabolik sağlık ve hastalıklar 
üzerindeki klinik etkilerini incelemektedir. Glukokortikoidler, aktive 
edilmiş glukokortikoid reseptörlerinin (GR) çekirdeğe taşınması ve 
burada DNA üzerindeki glukokortikoid yanıt elemanlarına (GRE) 
bağlanmasıyla genomik yolaklar aracılığıyla birincil etkilerini 
gösterir. Bu etkileşim, fosfoenolpiruvat karboksikinaz (PEPCK) ve 
glikoz-6-fosfataz (G6Pase) gibi önemli glukoneojenik enzimlerin 
transkripsiyonunu teşvik eder. Ek olarak, glukokortikoidler, peroksizom 
proliferatör ile aktive olan reseptör gama koaktivatörü 1-alfa (PGC-
1α), forkhead box proteini O1 (FOXO1) ve hepatosit nükleer faktör 
4-alfa (HNF-4α) gibi kritik transkripsiyon düzenleyicileri ile 
sinerji oluşturarak bu enzimlerin ekspresyonunu artırır. Karaciğer 
üzerindeki etkilerinin ötesinde, glukokortikoidler periferik dokularda 
proteoliz ve lipolizi uyararak sistemik metabolizmayı etkiler ve böylece 
glukoneogenez için substratların kullanılabilirliğini artırır. Ayrıca, 
insülin sinyalini antagonize ederek insülin direncine katkıda bulunurlar. 
11β-hidroksisteroid dehidrojenaz tip 1 (11β-HSD1) enzimi aracılığıyla 
glukokortikoidlerin lokal aktivasyonu, düzenlemeye başka bir katman 
ekler. cAMP/PKA/CREB sinyal yoluyla genomik olmayan etkiler, hızlı 
metabolik yanıtlara olanak tanır. Cushing sendromu gibi durumlarda 
gözlenen kronik glukokortikoid fazlalığı, tip 2 diyabetin gelişimi 
ile bağlantılıdır. 11β-HSD1 inhibitörleri, seçici GR modülatörleri 
ve glukoneojenik enzimlerin hedefli inhibitörleri dahil olmak üzere 
ortaya çıkan terapötik stratejiler, glukokortikoid kaynaklı metabolik 
bozuklukların yönetimi için umut verici yollar sunmaktadır.

Anahtar Kelimeler: Glukokortikoid, glukoneogenez, glikoz, 
hiperglisemi, diyabet.
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INTRODUCTION

Glucocorticoids (GCs), including endogenous 
cortisol and synthetic analogues (e.g., dexameth-
asone, prednisone), are one of the cornerstones of 
modern medicine due to their anti-inflammatory, im-
munosuppressive, and metabolic effects. These mol-
ecules, widely used in the treatment of rheumatoid 
arthritis, autoimmune diseases, allergic reactions, 
chronic obstructive pulmonary disease, and certain 
malignancies, exhibit complex and multifaceted ef-
fects on energy metabolism (De Guia, Rose, & Herzig, 
2014). GCs play critical roles in the stress response 
and maintenance of homeostasis; they bind to gluco-
corticoid receptors (GR) with high affinity, regulating 
gene transcription and modulating key components 
of energy metabolism such as gluconeogenesis, fatty 
acid oxidation, and mitochondrial function (Vande-
walle, Luypaert, De Bosscher, & Libert, 2018). These 
effects support energy mobilization in acute stress 
conditions but chronic exposure can lead to metabol-
ic complications such as; insulin resistance, hypergly-
cemia, dyslipidemia, and mitochondrial dysfunction 
(Sharma & Singh, 2019). This review aims to compre-
hensively examine the biochemical effects of gluco-
corticoids on gluconeogenesis.

Gluconeogenesis is a fundamental metabolic 
pathway that synthesizes glucose from non-carbohy-
drate sources (lactate, glycerol, and glucogenic amino 
acids). It primarily supplies energy to glucose-depen-
dent tissues such as the brain, erythrocytes, and re-
nal medulla during conditions of increased glucose 
demand such as; fasting, stress, and intense exercise 
(Kuo, McQueen, Chen, & Wang, 2015). GCs stimu-
late this process by increasing the transcription of key 
enzymes of gluconeogenesis, such as phosphoenolpy-
ruvate carboxylase (PEPCK) and glucose-6-phospha-
tase (G6Pase), in the liver and renal cortex (Shah & 
Wondisford, 2023). The transactivation of enzymes 
such as PEPCK and G6Pase occurs through the bind-
ing of the activated glucocorticoid receptor (GR) to 
glucocorticoid response elements (GREs) in DNA  

(Ratman et al., 2013). Chronic GC exposure increas-
es the risk of insulin resistance and type 2 diabetes 
due to excessive stimulation of gluconeogenesis. This 
process is not only related to gluconeogenesis but also 
to the suppression of glucose transporter 4 (GLUT4) 
translocation (Sakoda et al., 2000). Additionally the 
use of amino acids for gluconeogenesis triggers pro-
tein catabolism and may leads to muscle mass loss 
(sarcopenia) (Oray, Abu Samra, Ebrahimiadib, Meese, 
& Foster, 2016). Considering these effects, GCs are 
beneficial for energy mobilization in acute conditions 
but cause metabolic disorders in chronic conditions 
and may exacerbate existing metabolic disorders.

Clinically, the effects of glucocorticoids on energy 
metabolism have both therapeutic and adverse out-
comes. Their life-saving effects have been proven in 
acute inflammatory conditions and/or severe respi-
ratory diseases such as COVID-19 (The RECOVERY 
Collaborative Group, 2021). However, chronic use is 
associated with serious side effects such as metabolic 
syndrome, type 2 diabetes, cardiovascular diseases, 
and osteoporosis (Noetzlin, Breville, Seebach, & Gast-
aldi, 2022; Oray et al., 2016; Saag, Furst, & Barnes, 
2022). These side effects stem from a combination of 
excessive stimulation of gluconeogenesis, imbalances 
in fatty acid metabolism, and the intracellular effects 
of GR. While the current literature has significantly 
illuminated the molecular mechanisms of glucocorti-
coids, there is many unanswered questions regarding 
tissue-specific effects and long-term outcomes.

This review aims to provide new perspectives for 
basic science and clinical research by thoroughly ex-
amining the biochemical effects of glucocorticoids on 
gluconeogenesis in the light of current and high-im-
pact studies.

Pharmacological Properties of Glucocorticoids

Glucocorticoids, both endogenous (cortisol, cor-
ticosterone) and synthetic (dexamethasone, predni-
sone, methylprednisolone), play an important role in 
clinical use due to their pharmacological anti-inflam-
matory, immunosuppressive, and metabolic effects. 
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These molecules exert critical functions in physio-
logical processes such as; the regulation of the stress 
response, suppression of inflammatory processesand 
maintenance of energy homeostasis (Barnes, 2011; 
Becker, 2013; Şengül & Çadırcı, 2023). The pharma-
cological properties of glucocorticoids depend on 
their GR binding affinity, pharmacokinetic profiles, 
tissue-specific effects, and interactions with metabolic 
pathways. These properties enable the therapeutic use 
of glucocorticoids in conditions such as rheumatoid 
arthritis, systemic lupus erythematosus, allergic re-
actions, prevention of organ transplant rejection, and 
severe COVID-19 cases, while also potentially caus-
ing serious side effects such as insulin resistance, hy-
perglycemia, dyslipidemia, and osteoporosis (Alexaki 
& Henneicke, 2021; Barnes, 2011; Becker, 2013; Com-
pston, 2018; Lim, Kohli, & Bloom, 2017; Morand, 
Fernandez-Ruiz, Blazer, & Niewold, 2023; Noetzlin et 
al., 2022; Oray et al., 2016; Youssef, Novosad, & Win-
throp, 2016). In this section, we will summarize the 
pharmacological properties of GCs to shed light on 
their relationship with gluconeogenesis.

GCs bind to the inactive GR in the cell cytoplasm. 
GR is a member of the nuclear receptor superfamily. 
This receptor forms a multiprotein complex consist-
ing of molecules such as heat shock proteins (HSP90, 
HSP70, HSP40, HSP56), immunophilins (FKBP51, 
FKBP52), p23, and Src, which maintain the inactive 
conformation of GR when no ligand is bound  (Heitzer, 
Wolf, Sanchez, Witchel, & DeFranco, 2007; Oakley & 
Cidlowski, 2013; Pratt & Toft, 1997). Binding of the 
GC molecule to GR induces a conformational change 
in the receptor, which triggers the dissociation of the 
HSP complex and exposes GR’s nuclear localization 
signals (NLS) (Vandevyver, Dejager, & Libert, 2012). 
Additionally, FKBP51 in the GR complex converts in 
FKBP52, facilitating GR interaction with the dynein 
molecular motor complex (Echeverria & Picard Di-
dier, 2010; Storer, Dickey, Galigniana, Rein, & Cox, 
2011; Vandevyver et al., 2012). Once activated, GR is 
transported along microtubules via dynein to the nu-
clear pore complex and translocated into the nucleus 

with the help of nuclear carrier proteins. This process 
is regulated by post-translational modifications such 
as sumoylation, ubiquitination, and phosphorylation  
(Duma, Jewell, & Cidlowski, 2006; Vandevyver et al., 
2012). Within the nucleus, GR binds to GRE and acti-
vates the transcription of anti-inflammatory proteins 
(Clark & Belvisi, 2012; Surjit et al., 2011). Addition-
ally, GR binds to negative GREs, directly suppress-
ing the transcription of pro-inflammatory genes and 
playing a role in inhibiting cytokine and chemokine 
production (Surjit et al., 2011). Furthermore, GCs 
can suppress pro-inflammatory transcription factors, 
including nuclear factor kappa B (NF-κB), activator 
protein-1 (AP-1), cAMP response element-binding 
protein (CREB), nuclear factor of activated T cells 
(NFAT), signal transducer and activator of transcrip-
tion proteins (STAT3 and STAT6), and interferon 
regulatory factor 3 (IRF3). This occurs through direct 
protein–protein interactions without binding direct-
ly to DNA, a mechanism known as transrepression 
(Ratman et al., 2013; Reichardt et al., 2001).  In ad-
dition to these genomic anti-inflammatory effects, 
membrane-bound GR variants alter cellular signaling 
pathways through a non-genomic mechanism and ex-
hibit acute anti-inflammatory and immunosuppres-
sive effects that can occur within minutes (Boldizsar 
et al., 2010; Panettieri et al., 2019).

The pharmacological effects of glucocorticoids are 
not limited to the suppression of inflammation and 
regulation of the immune response, but also play a de-
cisive role at various levels of energy metabolism (Ve-
giopoulos & Herzig, 2007). The genomic effects that 
arise following GR activation regulate the transcrip-
tional levels of various metabolic genes. This results in 
the stimulation of pathways that increase energy pro-
duction, such as gluconeogenesis, and the suppres-
sion of insulin signaling in peripheral tissues (Sacta, 
Chinenov, & Rogatsky, 2016). On the other hand, 
the non-genomic effects of GR also contribute to the 
rapid activation of processes such as hepatic glucose 
production and lipolysis by modulating intracellular 
signaling pathways (Kuo et al., 2015; Peckett, Wright, 
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& Riddell, 2011; Xu et al., 2009). These dual-action 
mechanisms explain why glucocorticoids play such 
a central role in physiological adaptations that redis-
tribute energy substrates during the stress response. 
From this point of view, in addition to the regulatory 
effects of glucocorticoids on gluconeogenesis, a de-
tailed examination of their metabolic implications on 
fatty acid oxidation is of great importance for better 
understanding the contribution of these hormones to 
energy homeostasis.  

Glucocorticoids and Hepatic Gluconeogenesis

GCs are among the key regulators of gluconeo-
genesis in the liver. They play a critical role in main-
taining blood glucose homeostasis, especially during 
fasting, stress, and inflammatory response. The regu-
latory effect of these steroid hormones on gluconeo-
genesis is mediated by several mechanisms.

GCs act by directly activating the expression of 
genes encoding key enzymes of gluconeogenesis 
(Rose & Herzig, 2013). This effect, mediated through 
the genomic pathway, is initiated by activated GR 
translocating into the nucleus and binding to GRE 
in the promoter regions of target genes (Ratman et 
al., 2013). The major gluconeogenic enzymes whose 
transcription is increased by GR include PEPCK and 
G6Pase (Imai, Miner, Mitchell, Yamamoto, & Gran-
ner, 1993; Pedersen et al., 2007; Vander Kooi et al., 
2005). Increased expression of these enzymes, which 
catalyze rate-limiting steps of gluconeogenesis, results 
in accelerated glucose synthesis from gluconeogenic 
substrates such as pyruvate and lactate (Hers & Hue, 
1983). The PEPCK gene (PCK1) is among the best 
characterized targets of GC regulation. GREs present 
in human and rodent PCK1 promoters markedly in-
crease gene transcription in response to GCs (Fried-
man, 1994; Wang et al., 2004). The effect of GCs on 
gluconeogenesis is not limited to direct GRE binding 
but also involves interactions with other transcription 
factors and coactivators that regulate gluconeogenesis 
(Kuo et al., 2015). One of the most important inter-
actions occurs between GR and Peroxisome Prolifer-

ator-Activated Receptor Gamma Coactivator 1-alpha 
(PGC-1α). PGC-1α is a transcription coactivator that 
plays a central role in the control of gluconeogenesis 
in the liver and is induced by GCs (Lin, Puigserver, 
Donovan, Tarr, & Spiegelman, 2002). Activated PGC-
1α acts as a coactivator of transcription factors such 
as hepatic nuclear factor-4α (HNF-4α) and forkhead 
box O1 (FOXO1), further increasing the transcrip-
tion of PEPCK and G6Pase genes (Puigserver et al., 
2003). GkCs synergistically stimulate PGC-1α expres-
sion and indirectly regulate transcription factors such 
as HNF-4α and FOXO1 (Yoon et al., 2001). FOXO1, 
which is negatively regulated by insulin signaling, can 
be upregulated by GC administration and is a tran-
scription factor that plays a key role in the regulation 
of gluconeogenesis (Kamagate et al., 2008; Lecker et 
al., 2004; Shi, Qiao, Mu, Zuo, & Yuan, 2017; Waddell 
et al., 2008). Furthermore, increased FOXO1 protein 
levels in chronic GC exposure contribute to insulin 
resistance (Beaupere, Liboz, Fève, Blondeau, & Guil-
lemain, 2021). 

GCs not only increase the expression of glucone-
ogenic enzymes but also enhance the efficiency of the 
metabolic pathway by increasing substrate availability 
for gluconeogenesis. This effect is mediated through 
stimulation of proteolysis and lipolysis in peripheral 
tissues (Finn & Dice, 2006; Magomedova & Cum-
mins, 2015; Rose & Herzig, 2013). GCs increase pro-
tein degradation in skeletal muscle, allowing amino 
acids such as alanine, important precursors for glu-
coneogenesis, to reach the liver (Kuo et al., 2015). It 
also increases glycerol release by stimulating lipolysis 
in adipose tissue. Glycerol is used as a direct substrate 
for gluconeogenesis in the liver (Exton et al., 1972; 
Kuo et al., 2015; Xu et al., 2009). In a study, it was re-
ported that dexamethasone administration increased 
amino acid transport to the liver but there was no in-
crease in liver amino acid amount due to gluconeo-
genesis and the urea cycle (Okun et al., 2015). 

The suppressive effect of insulin on gluconeogen-
esis and the stimulatory effect of GCs have an antag-
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onistic relationship (Beaupere et al., 2021). Under 
normal conditions, insulin phosphorylates FOXO1 
via phosphoinositide 3-kinase (PI3K)/protein kinase 
B (Akt) signaling pathway, translocates it from the 
nucleus to the cytoplasm, and suppresses gluconeo-
genic gene expression (Sin, Yung, & Siu, 2015). At the 
molecular level, GCs reduce the expression of insulin 
receptor substrate-1 (IRS-1) and IRS-2 and conse-
quently suppress the insulin-activated PI3K/Akt sig-
naling pathway  (Hu, Wang, In, Du, & Mitch, 2009; 
Xie, Perry, Espinoza, Zhang, & Price, 2018). 

In addition to genomic effects, GCs also have 
non-genomic effects that provide rapid metabolic 
adaptations that can occur within minutes. Some of 
these rapid effects are mediated by membrane-bound 
GR or the interaction of GR with other signaling mol-
ecules in the cytoplasm (Song & Buttgereit, 2006). For 
example, GR phosphorylates activated protein kinase 
A (PKA); increases cAMP levels resulting in cAMP re-
sponse element binding protein (CREB) phpsphorila-
tion, which can rapidly induce the expression of PEP-
CK and G6Pase genes (Choi et al., 2017). They also can 

activate stress kinases such as p38 mitogen-activated 
protein kinase (MAPK) (Liu et al., 2024).

The activity of GCs at the tissue level is also 
regulated by the expression and activity of 11β-hy-
droxysteroid dehydrogenase (11β-HSD) enzymes 
(Chapman, Holmes, & Seckl, 2013). 11β-HSD1 and 
11β-HSD2 are the two main isoforms and regulate 
cortisol-cortisone conversion in tissues (Krozows-
ki, 1999). 11β-HSD1 is highly expressed in the liver 
and potentiates hepatic GC signaling by converting 
inactive GCs to their active forms (Chapman et al., 
2013). In transgenic mice overexpressing liver-spe-
cific 11β-HSD1, PEPCK expression was increased, 
and insulin sensitivity was enhanced (Paterson et al., 
2004). Another study reported that 11β-HSD1 knock-
out mice were protected from glucose intolerance, 
supporting that 11β-HSD1 enhances gluconeogene-
sis (Morgan et al., 2014). In another study, decreased 
activity of direct gluconeogenesis enzymes was ob-
served in 11β-HSD1 knockout mice (Yao et al., 2017). 
The genomic and non-genomic pathways described 
in this section are shown in Figure 1.

Figure 1. The effect of glucocorticoids on gluconeogenesis enzymes via genomic and non-genomic pathways. 
(GCs: Glucocorticoids, GR: Glucocorticoid Receptor, cAMP: cyclic Adenosine Monophosphate, CREB: cAMP 

Response Element-Binding protein, PKA: Protein Kinase A, PCK1: Phosphoenolpyruvate Carboxykinase 1, 
PGC-1α: Peroxisome Proliferator-activated receptor Gamma Coactivator 1-alpha, HNF4-α: Hepatocye Nucle-
ar Factor 4-alpha, FOXO1: Forkhead box O transcription factor 1, 11β-HSD1: 11β-Hydroxysteroid Dehydro-

genase type 1, PEPCK: Phosphoenolpyruvate Carboxykinase, G6Pase: Glucose-6-Phosphatase)
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Overactivation of GCs on gluconeogenesis can 
be seen in a variety of pathological conditions and 
can exacerbate these pathological conditions, leading 
to metabolic imbalances. For example, in Cushing’s 
syndrome, GCs excess increases glucose production 
by increasing the expression of gluconeogenesis en-
zymes in the liver, while suppressing insulin signal-
ing in the liver and skeletal muscle, leading to insulin 
resistance (Pivonello et al., 2010). In addition, these 
metabolic changes can also lead to the development 
of type 2 diabetes over time (Di Dalmazi, Pagotto, 
Pasquali, & Vicennati, 2012). Therapeutic approaches 
targeting GC-mediated overactivation of gluconeo-
genesis include 11β-HSD1 inhibitors, GR antagonists, 
or selective inhibitors of gluconeogenic enzymes 
(Agius, 2007; Clark, 2008; Yuan et al., 2007). Clinical 
trials have shown that some 11β-HSD1 inhibitors im-
prove insulin sensitivity and reduce hepatic glucose 
production (Anderson & Walker, 2013). Similarly, 
liver-specific G6Pase and fructose 1,6-bisphospha-
tase inhibitors are being investigated as potential 
targets for the treatment of diabetes (Agius, 2007). 
Recent technological advances enable more selective 
modulation of glucocorticoid signaling. Selective 
glucocorticoid receptor modulators (SGRMs) have 
the potential to reduce the stimulatory effects of glu-
cocorticoids on gluconeogenesis and other potential 
side effects while preserving their anti-inflammatory 
effects (De Bosscher, Haegeman, & Elewaut, 2010). 
Preclinical studies suggest that these compounds may 
significantly reduce metabolic side effects (Sundahl, 
Bridelance, Libert, De Bosscher, & Beck, 2015). 

GCs are complex and versatile regulators of the 
gluconeogenesis process in the liver, increasing glu-
cose production both at the gene level and through 
cellular mechanisms. This regulation involves both 
the expression of gluconeogenic enzymes and the 
provision of substrates required for gluconeogenesis. 
However, the adverse effects of GCs on insulin sig-
naling can lead to metabolic imbalances and insulin 
resistance, especially in long-term exposures. While 
local enzyme activities in the liver modulate the ef-

fects of these hormones, pathological conditions 
caused by excessive activation play an important role 
in the development of metabolic diseases. Therefore, 
selective modulation of glucocorticoid signaling and 
novel therapeutic strategies targeting this pathway are 
critical in the prevention and treatment of metabolic 
diseases.

Pathologies Associated with Glucocorticoid-
Impaired Gluconeogenesis and Therapeutic 
Approaches	

GCs induce hyperglycemia by increasing hepatic 
gluconeogenesis (upregulation of PEPCK and G6Pase 
expression), reducing insulin sensitivity in periph-
eral tissues and enhancing lipolysis and visceral ad-
iposity in adipose tissue. These effects are dose- and 
duration-dependent and can emerge rapidly, within 
hours to days (Barker, Morrison, Llano, Sainsbury, & 
Jones, 2023). Clinical studies and guidelines report 
that the risk of hyperglycemia becomes particularly 
pronounced at doses exceeding the daily equivalent 
of 20 mg prednisolone, 50 mg hydrocortisone, or 4 
mg dexamethasone; however, even low doses carry 
a risk for new-onset diabetes and metabolic dysreg-
ulation (Shah et al., 2022). In our previous study, we 
also demonstrated that serum glucose and vaspin lev-
els increased in mice receiving prednisolone at dos-
es of 5 mg/kg, 10 mg/kg and 20 mg/kg in a dose-de-
pendent manner (Noyin, Akpinar, Cadirci, Cinar, & 
Aydin, 2018). Therefore, in patients with substantial 
steroid exposure (particularly those requiring in-
patient care), early initiation of glucose monitoring 
and implementation of dose-specific glucose man-
agement algorithms—such as those described in the 
JBDS-IP guidelines—is recommended (Roberts et al., 
2018). From the perspective of muscle tissue, GCs are 
known to cause proximal muscle weakness and my-
opathy when used at high doses (e.g., approximately 
40 mg/day prednisolone or high-dose IV regimens) 
and/or over prolonged periods of weeks to months. 
Both clinical and preclinical evidence indicate that 
this effect is mechanistically linked to increased pro-
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teolysis, inhibition of protein synthesis and activation 
of the ubiquitin–proteasome pathway (Wu, Michal-
ski, Cortes, Rozenberg, & Mathur, 2022; Wu, Liu, & 
Sun, 2024). Consequently, metabolic adverse effects 
may further manifest as an impaired gluconeogenic 
response.

Strategies aimed at correcting GC-induced met-
abolic dysfunction largely focus on two major do-
mains: first, pharmacological innovations (Selective 
glucocorticoid receptor modulators (SEGRAMs) 
and dissociative GR ligands, 11β-HSD1 inhibitors, 
tissue-targeted or nano-formulations) (Lesovaya et 
al., 2022; Othonos et al., 2023) and second, the im-
plementation of steroid-sparing regimens in clin-
ical practice (biologic agents, JAK inhibitors, etc.) 
alongside protocolized monitoring and prevention 
approaches  (Hanberg & Miloslavsky, 2023; Kameda, 
2023; Kubo, Nakayamada, & Tanaka, 2023). 

Selective glucocorticoid receptor modulators (SE-
GRAMs) are designed to preferentially increase the 
GR-mediated transrepression of inflammatory tran-
scription factors while decreasing the GRE-mediated 
transactivation of metabolic genes. Thus, they aim 
to separate anti-inflammatory effects from adverse 
metabolic consequences (Mao, Wei, & Chen, 2023). 
Among the earliest clinical examples of the SEGRAM 
approach, vamorolone has been evaluated at doses 
between 2–6 mg/kg/day in Duchenne muscular dys-
trophy and has shown the potential to provide a more 
favorable profile than conventional steroids regarding 
growth, bone health and metabolic adverse effects 
(Dang et al., 2024). Preclinical work with other selec-
tive GR modulators, such as the non-steroidal ligands 
Compound A and AL-438, has shown that selective 
GR binding profiles can skew signaling toward GR 
transrepression, supporting the potential for reduced 
glucocorticoid-induced side effects in inflammatory 
disease models (Doggrell, 2003; Drebert, Bracke, & 
Beck, 2015). GRM-01, another SEGRAM candidate, 

displays partial transactivation and robust anti-in-
flammatory efficacy with minimal effects on glucose 
regulation and bone metabolism in animal models, 
highlighting the feasibility of minimizing metabolic 
adverse effects via selective receptor modulation (Ja-
kob, Hennen, Gautrois, Khalil, & Lockhart, 2025).

11β-HSD1 inhibitors aim to mitigate metabolic 
adverse effects by reducing the local peripheral ac-
tivation of prednisolone and similar corticosteroids. 
Studies combining prednisolone with AZD4017 and 
related molecules have yielded data suggesting that 
these agents may attenuate prednisolone-associated 
metabolic disturbances (Othonos et al., 2023). 

JAK inhibitors suppress JAK/STAT-mediated 
cytokine signaling by targeting JAK1, JAK2, JAK3, 
and TYK2 isoforms with distinct selectivity profiles 
(Kameda, 2023). The principal agents approved for 
the treatment of rheumatoid arthritis include the 
pan-JAK inhibitor tofacitinib, the JAK1/2 inhibitor 
baricitinib, the selective JAK1 inhibitors upadacitinib 
and filgotinib and the predominantly JAK3-targeting 
agent peficitinib (Kameda, 2023; Kubo et al., 2023). 
These agents inhibit the signaling of pro-inflamma-
tory mediators, particularly interleukin-6 (IL-6) and 
interferons, thereby reducing inflammatory cell acti-
vation and cytokine production within the synovium. 
Moreover, JAK inhibitors are considered to possess 
steroid-sparing potential and may contribute to re-
ducing long-term glucocorticoid exposure (Kubo et 
al., 2023).

Although nanotechnology-based GC delivery 
systems may enhance drug bioavailability in target 
tissues by overcoming physiological barriers while re-
ducing systemic toxicity, challenges in manufacturing 
and risks of biological accumulation currently limit 
their translational applicability (Cui et al., 2025). 

The main treatment strategies aimed at mitigating 
GC-related side effects are systematically summarized 
in Table 1.
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Table 1. Overview of therapeutic strategies targeting glucocorticoid-related metabolic adverse effects.

Strategy Category Mechanistic Target Representative Agents Advantages Compared with 
Conventional Glucocorticoids

References

Selective GR 
Modulators 
(SEGRAMs / 
Dissociative GR 
ligands)

Selective enhancement of 
GR-mediated transrepression 
of pro-inflammatory 
transcription factors while 
minimizing GRE-dependent 
transactivation of metabolic 
genes.

Vamorolone
Compound A
AL-438
GRM-01

Preserve anti-inflammatory 
efficacy while reducing GRE-driven 
transcription of gluconeogenic genes; 
improved growth and bone safety 
profile; attenuated metabolic adverse 
effects, including hyperglycemia

(Dang et al., 
2024; Doggrell, 
2003; Drebert et 
al., 2015; Jakob et 
al., 2025; Mao et 
al., 2023)

11β-HSD1 
Inhibitors

Inhibition of peripheral 
cortisol/prednisolone 
activation

AZD4017 Reduce local hepatic activation of 
glucocorticoids, thereby attenuating 
prednisolone-associated dysglycemia 
and limiting excessive stimulation of 
hepatic gluconeogenesis.

(Othonos et al., 
2023)

JAK Inhibitors 
(Steroid-sparing 
strategy)

JAK/STAT pathway 
inhibition (JAK1/2/3)

Tofacitinib
Baricitinib
Upadacitinib
Filgotinib
Peficitinib

Enable reduction of cumulative 
glucocorticoid exposure through 
steroid-sparing regimens and decrease 
cytokine-driven insulin resistance and 
systemic metabolic burden.

(Kameda, 2023; 
Kubo et al., 
2023)

Nano- or Tissue-
Targeted GC 
Delivery Systems

Targeted drug delivery and 
reduced systemic exposure

Various nano-
formulations

Improve tissue-specific bioavailability 
while minimizing systemic toxicity 
and widespread metabolic adverse 
effects.

(Cui et al., 2025)

In conclusion, although GC therapy remains in-
dispensable due to its clinical benefits, its dose- and 
duration-dependent spectrum of adverse effects ne-
cessitates careful patient selection, early monitor-
ing, preventive strategies and rigorous assessment of 
emerging pharmacological approaches. Furthermore, 
innovations such as SEGRAMs, 11β-HSD1 inhibitors 
and tissue-targeted formulations require extensive 
long-term safety and efficacy studies across broader 
indications.

CONCLUSION 

This review has comprehensively examined the 
complex and multifaceted regulatory mechanisms 
of glucocorticoids on hepatic gluconeogenesis. Our 
analysis demonstrates how GCs control hepatic glu-
cose production through both genomic and non-ge-
nomic pathways. At the genomic level, activated GR 
directly stimulates gene expression of key enzymes 
such as PEPCK and G6Pase, constituting the funda-
mental regulatory mechanism of gluconeogenesis. 
Synergistic interactions with transcription factors and 
coactivators, including PGC-1α, FOXO1 and HNF-
4α, amplify the regulatory effects of GCs, enhancing 
metabolic pathway efficiency.

The effects of GCs on gluconeogenesis extend 
beyond enzyme expression to encompass substrate 
mobilization from peripheral tissues. Stimulation of 
protein breakdown in skeletal muscle and lipolysis in 
adipose tissue ensures delivery of essential precursors 
to the liver, meeting the substrate requirements of the 
metabolic pathway. However, the antagonistic effects 
of GCs on insulin signaling can lead to metabolic im-
balances, particularly during chronic exposure. Sup-
pression of IRS-1 and IRS-2 expression and inhibition 
of the PI3K/Akt signaling pathway play critical roles 
in insulin resistance development.

The modulation of tissue-level GC activity by the 
11β-HSD1 enzyme provides an important mechanism 
for local control of hepatic glucocorticoid signaling. 
While overexpression of this enzyme enhances gluco-
neogenesis, its inhibition improves metabolic param-
eters. The rapid metabolic adaptations provided by 
non-genomic effects through the cAMP/PKA/CREB 
pathway underscore the critical role of GCs in acute 
stress situations.

Metabolic complications resulting from excessive 
GC activation in pathological conditions highlight 
the necessity for tight control of these hormones. The 
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glucose intolerance and type 2 diabetes development 
observed in Cushing’s syndrome demonstrate the se-
rious consequences of glucocorticoid signaling im-
balance. These findings emphasize the importance 
of close monitoring of metabolic side effects during 
long-term glucocorticoid therapy.

Importantly, chronic or high-dose GC exposure 
can also disturb peripheral insulin sensitivity, pro-
mote lipolysis-driven substrate overload and induce 
muscle proteolysis, collectively worsening hepatic 
gluconeogenic responses. These adverse metabolic 
outcomes have encouraged the development of clin-
ical monitoring strategies and steroid-sparing regi-
mens in parallel with pharmacological innovations 
designed to reduce GC-associated toxicity.

From a therapeutic perspective, novel approaches, 
including 11β-HSD1 inhibitors, selective glucocorti-
coid receptor modulators and gluconeogenic enzyme 
inhibitors, show promising results. These strategies 
hold potential for reducing metabolic side effects 
while preserving the anti-inflammatory properties 
of GCs. The development of selective GR modulators 
particularly suggests that safer glucocorticoid thera-
pies may be possible in the future.

In conclusion, the central role of glucocorticoids 
in hepatic gluconeogenesis regulation demonstrates 
the physiological importance of these hormones while 
showing that excessive activation can lead to metabol-
ic diseases. Future research should focus on more se-
lective modulation of GC signaling, development of 
tissue-specific targeting strategies and personalized 
treatment approaches. The findings presented in this 
review provide an important foundation for devel-
oping therapeutic strategies targeting glucocorticoid 
signaling in the prevention and treatment of metabol-
ic diseases. 
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