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Glucocorticoid control of 
glucose homeostasis: missing 
links for master regulators
Glucocorticoids (GCs) are critical for proper  
metabolic adaptation in response to various 
physiologic (e.g., circadian cues) and stress 
stimuli. In response to fasting, the adrenal 
glands release GCs, which facilitate and  
coordinate glucose mobilization, peripheral 
lipolysis, and amino acid catabolism to ensure 
an adequate fuel supply for tissues (1). While 
this physiologic response is critical, excess  
or prolonged exposure to GCs can lead to 
metabolic dysfunction. For example, chronic  
treatment with GCs, such as dexametha-
sone, can lead to an iatrogenic Cushing- 
like syndrome, characterized by the develop-
ment of pathologies such as cardiovascular 
disease (e.g., hypertension), osteoporosis, 
and metabolic disease (e.g., obesity, diabe-
tes, and dyslipidemia). One metaanalysis 
reports that patients taking GCs develop 
hyperglycemia at a rate of 32.3% and GC- 
induced diabetes mellitus (GIDM) at a rate 
of 18.6% (2). This is likely mediated by GCs’ 
effects on multiple levels of glucose metab-
olism, including impaired insulin-sensitive 

GLUT4-mediated glucose uptake by skel-
etal muscle, enhanced protein catabolism, 
and fatty acid release, and induction of the 
hepatic gluconeogenic program (3–6).

Given the importance of hepatic gluco-
neogenesis on glycemic regulation, it is 
not surprising that both physiological and 
pathological GC-induced gluconeogene-
sis have been extensively studied. In brief, 
GCs augment the supply of gluconeogenic 
substrates by inducing protein (particularly  
branched-chain amino acids [BCAAs]) 
metabolism in muscle to liberate carbons 
in the form of alanine that are utilized in 
the liver for glucose production (3–5). In 
addition, GCs directly affect transcription 
of numerous genes involved in hepatic  
gluconeogenesis. GCs bind to the GC 
receptor (GR), which then translocates to 
the nucleus to bind to GC response ele-
ments on the promoters of gluconeogenic 
genes, including Pck1, Fbp1, and G6pc (6). 
GCs interact with other important tran-
scription factors, such as forkhead box O1 
(FoxO1) and proliferator-activated recep-
tor γ coactivator 1 α (PGC1α), to modulate 
transcriptional activity and subsequent 

glucose handling (1). Importantly, there is 
a reciprocal interaction between GCs and 
PGC1α: PGC1α can coactivate the GR and 
other gluconeogenic transcription factors, 
and GC administration can increase Pgc1a 
transcription (7). This implicates the GC/
PGC1α relationship as essential for gluco-
neogenesis; however, the exact mecha-
nism of this regulation is unclear. GC- 
induced hyperglycemia seems to result 
from GR-mediated transcription of gluco-
neogenic genes along with the transcrip-
tion of its own coactivators, such as PGC1α.

In this issue of the JCI, Cui and col-
leagues introduce a critical role of the tran-
scription factor Krüppel-like factor 9 (KLF9) 
in linking GC signaling to gluco neogenesis 
(8). Through the use of gain- and loss-of-
function experiments in hepatocytes and in 
multiple murine models, they establish that 
fasting-induced and exogenously adminis-
tered GCs induce transcription of hepatic 
Klf9, which then augments Pgc1a and, ulti-
mately, the transcription of gluconeogenic 
and lipid oxidation genes. The discovery of 
this GR/KLF9/PGC1a axis has important 
implications for GIDM. Further, this work 
adds important information to the growing 
appreciation that KLFs are central media-
tors of metabolism.

The KLFs coordinate interorgan 
metabolic crosstalk
The first link between the KLF gene family  
and metabolism was established nearly 
two decades ago (9). Subsequent work has 
established KLFs as critical effectors of 
diverse metabolic processes ranging from 
nutrient acquisition to substrate utilization 
and energetics. The KLFs constitute a family 
of 18 C2H2 zinc finger transcription factors 
that are dynamically expressed in metabolic 
tissues and coordinate the handling of the 
nutrient class in response to various dietary 
and hormonal signals (reviewed in ref. 10).

In addition to regulating organ-specific  
utilization and storage of nutrients, KLFs 
affect systemic metabolic homeostasis by 
fine-tuning nutrient trafficking between 
organs in response to changes in energy sta-
tus. This concept is perhaps best exemp lified 
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Glucocorticoids (GCs) are essential for proper glycemic control, but in excess, 
can lead to hyperglycemia and diabetes. In this issue of the JCI, Cui et al. 
elucidate a mechanism by which GCs regulate gluconeogenesis utilizing the 
transcription factor Krüppel-like factor 9 (KLF9) in physiology and disease 
settings. They report that KLF9 is a GC-inducible factor that ultimately 
increases the transcription of proliferator-activated receptor γ coactivator 1 
α (PGC1α), resulting in gluconeogenesis. Given the high incidence of GC-
induced diabetes, identification of this signaling axis provides, not only 
critical scientific insight, but also a foundation for preventative therapies for 
patients receiving chronic GC treatment.
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promote gluconeogenesis through increas-
ing the transcription of the rate-limiting 
enzyme for gluconeogenesis, PEPCK (10). 
Additionally, each of these factors does 
so via regulation of PGC1α transcription 
or activity (Figure 1B): KLF9, KLF10, and 
KLF14 increase Pgc1a transcription, and 
KLF15 binds to and cooperates with PGC1α 
on the Pepck promoter (18–20).

It is also noteworthy that certain KLFs 
have functions antagonist to their family 
members. For example, KLF11 serves largely 
to inhibit gluconeogenesis through its inhi-
bition of Pepck transcription; thus, during 
states of fasting, KLF11 expression is low 
(21). Although Cui et al. have demonstrated 
that KLF9 does not affect the expression of 
KLF10 or KLF15, further studies exploring a 
potential role of KLF9 in repressing KLF11 as 
a means of enhancing gluconeogenesis will 
glean important insight into the coordina-
tion of KLF crosstalk within the liver.

Perspectives and future 
directions
There has been a dearth of literature 
regarding the metabolic functions of 

are unresponsive to GC treatment and to 
gain or loss of Klf9 expression suggests that 
regulation of KLF expression can be tis-
sue specific, a pheno menon that could be  
leveraged in future studies on modulating 
the GC response.

Hepatic KLFs provide 
redundancy to preserve 
metabolic homeostasis
The results from Cui et al. provide exciting 
insights into a coordinated KLF response 
to fasting and GCs and also demonstrate 
an important facet of KLF biology: redun-
dancy of factors to protect processes criti-
cal for organismal survival. For example, 
KLF2 and -4 function in concert to preserve 
endothelial integrity such that one factor is 
able to compensate for the complete loss of 
the other, preventing embryonically lethal 
vasculature leakage (17). Given the impor-
tance of tight metabolic homeostasis, the 
presence of redundant control is perhaps 
not surprising. This is indeed the case, 
with the liver serving as a helpful model. 
In response to fasting, KLF10, KLF14, and 
KLF15 are all induced within the liver and 

by KLF15 activity that regulates both lipoly-
sis and gluconeogenesis during the fasting 
response. With respect to gluconeo genesis, 
KLF15 promotes transcription of critical 
enzymes in the catabolism of skeletal mus-
cle BCAAs, including branched-chain amino 
acid transferase 2 (Bcat2) and the branched-
chain ketoacid dehydrogenase (BCKDh) 
complex (11–13). Newly liberated BCAA 
carbon skeletons then circulate to the liver, 
thereby contributing to the gluconeogenic 
carbon substrate pool. Paired with Cui et al.’s 
findings on hepatic KLF9, this phenomenon 
illustrates a coordinated interorgan KLF  
network regulating a specific metabolic 
process (Figure 1). Cui et al. note that, upon 
fasting, endogenously released GCs induce 
hepatic KLF9, which subsequently enhances 
gluconeogenesis by binding to the promoter 
of Pgc1a. Thus, coexpression of these phylo-
genetically conserved factors in response 
to a physiologic stimulus facilitates proper  
systemic glycemic control. As KLF15 is 
also highly induced by GCs (14–16), it is 
likely that the induction of both KLF9 and 
KLF15 is critical in GIDM. However, the 
observation that KLF15 levels in the liver 

Figure 1. KLF9 participates in a KLF metabolic network. Upper panel: Proposed model by which fasting or GC release concurrently increases expression of 
skeletal muscle KLF15 and hepatic KLF9 to coordinate gluconeogenesis. KLF15 facilitates BCAA catabolism to provide carbon substrates (alanine) for gluco
neogenesis via induction of BCAT2 and BCKDh, while KLF9 increases transcription of the gluconeogenic coactivator Pgc1a. Lower panel: Redundancy in hepatic 
KLF function preserves glycemic control during fasting. KLF9, KLF10, and KLF14 increase transcription of Pgc1a, while KLF15 serves as a cofactor to increase 
transcription of the ratelimiting enzyme Pepck. Conversely, KLF11 represses Pepck transcription, thereby inhibiting gluconeogenesis in fed states.
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of the signaling axis utilized by GCs to pro-
mote gluconeogenesis in both physiology 
(fasting) and disease (chronic GC expo-
sure). This work contributes to growing 
evidence that the KLFs are central regula-
tors of nutrient homeostasis and provides 
a foundation for investigations into how 
KLFs intersect with various metabolic sig-
naling molecules and pathways to control 
whole body metabolism.
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KLF9. With KLF9’s newfound importance 
as a regulator of GC-induced hyperglyce-
mia, exciting new avenues of research are 
now opened for exploration that will con-
tribute to the rapidly growing knowledge 
base on KLF-centric metabolic control. 
For example, it will be important to estab-
lish the role circadian rhythmicity plays on 
hepatic KLF9 function. Circadian oscilla-
tions serve to coordinate internal molec-
ular activity with external environmental 
cues (e.g., nutrient availability), and the 
association between disrupted circadian  
rhythms and metabolic disease is well 
established. Indeed, the gluconeogenic 
factors KLF10 and KLF15 exhibit circadian  
rhythmicity, allowing for the matching of 
glycemic control to feeding patterns (12, 
22). A study by Spörl et al. demonstrated 
that epidermal KLF9 exhibits circadian 
oscillations in response to cortisol release; 
although not the focus of the work, they 
also demonstrated rhythmicity of hepatic 
KLF9 (23). Combined with the well-doc-
umented oscillatory nature of GC release, 
future studies investigating circadian con-
trol of KLF9’s metabolic functions will 
advance our understanding of molecular 
regulators of metabolic disease.

Within this study, Cui et al. provide 
the first evidence of KLF9 as a prospective 
target for preventing GIDM. One caveat  
that would prevent KLF9 inhibition as 
a therapy for GIDM is the phenomenon 
that loss of hepatic KLF9 contributes to a 
nonalcoholic fatty liver disease (NAFLD) 
phenotype via the repression of fatty 
acid oxidation genes; however, this will 
require further study. Additionally, KLF9 
plays a role in orchestrating GC-induced 
antiinflammatory transcription in macro-
phages (24) and serves to maintain B cell 
quiescence (25). Therefore, further work 
will need to be performed to investigate 
how manipulation of KLF9 will affect the 
well-recognized anti inflammatory effects 
of GCs and attendant off-target effects.

In summary, this study demonstrates 
that KLF9 is a key intermediate between 
GR and PGC1α and a critical component 
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