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Hepatic glucose sensing: does flux matter?
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In this issue of the JCI, Denechaud et al. report studies investigating the role 
of the liver X receptors (LXRs) LXRα and LXRβ in carbohydrate sensing 
by the liver (see the related article beginning on page 956). The results of 
this study, which utilized LXRα/β double-KO mice, strongly contradict a 
recent Nature report that proposed that LXRα/β sense glucose independent 
of metabolic flux. The reported findings further support a key role for the 
carbohydrate-responsive element–binding protein (ChREBP) in the regula-
tion of lipogenic genes by glucose and dietary carbohydrates.

The liver plays a central and vitally impor-
tant role in glucose homeostasis by con-
tinuously adapting its own metabolism 
to the availability of nutrients and overall 
energetic needs of the body. The conver-
sion of carbohydrates and amino acids 
into fatty acids, a process referred to as 
lipogenesis, is important for the preser-
vation of excess energy. This metabolic 
conversion involves the induction of a 
set of lipogenic genes that have long been 
known to be regulated by dietary intake, 
particularly carbohydrates. However, 
because many lipogenic genes are also 
regulated by insulin and the concentra-
tion of insulin itself is acutely sensitive to 
changes in blood glucose concentration, 
only in recent years have we learned how 
carbohydrate, principally glucose, is able 
to modulate gene expression in a cell-
autonomous manner.

The ability of mammalian cells to sense 
changes in glucose has long been thought 

to depend on changes in metabolic flux, 
as determined by the specific hexose 
transporters and hexokinases expressed 
in a given cell. Hepatocytes express both 
glucose transporter 2 (GLUT2) and gluco-
kinase (GK; also known as hexokinase 4),  
both of which exhibit affinities for glu-
cose (Km and glucose S0.5, respectively) in 
the low millimolar range. This enables 
metabolic flux in hepatocytes to essen-
tially parallel any change in blood glucose 
concentration (1). In this regard, the liver 
mimics the pancreatic β cell, the prototyp-
ical glucose-sensitive cell type. However, 
functional parallels between these 2 cell 
types begin to fade beyond this point, due 
to the very distinct physiological func-
tions of the liver and β cell in maintaining 
glucose homeostasis.

While mammals are thought to sense 
glucose in a manner that directly reflects 
glucose flux, other mechanisms that do 
not rely on catalysis exist in both plants 
and yeast. For instance, the plant hexo-
kinase HXK1 remains capable of signal-
ing after being mutated in a manner that 
eliminates all catalytic activity (2). A recent 
study in Nature by Mitro et al. reported 
that glucose is able to directly bind to and 
increase the transcriptional activity of the 
liver X receptors (LXRs) (3), thereby sug-
gesting that these nuclear receptors also 
function as glucose sensors in the liver. If 

true, this would establish a new paradigm 
for glucose sensing in mammalian cells. 
The study by Denechaud et al. in this 
issue of the JCI (4) was directed at explor-
ing this proposed paradigm by assessing 
the effects of a high-carbohydrate diet on 
hepatic lipogenesis in mice lacking both 
LXRα and LXRβ.

SREBP-1c and ChREBP: key players 
in hepatic lipogenesis
Over recent years, information has emerged 
indicating that SREBP-1c and carbohy-
drate-responsive element–binding protein 
(ChREBP) both contribute to the regula-
tion of lipogenesis in liver, albeit in very 
distinct ways. SREBP-1c, the SREBP iso-
form expressed at high levels in the liver (5), 
is a member of the basic helix-loop-helix 
(bHLH) leucine zipper family of transcrip-
tion factors. This family of transcription 
factors was originally identified through 
its role in regulating cholesterol and fatty 
acid biosynthesis by sterols (6, 7). However, 
SREBP-1c was later found to be regulated 
by insulin signaling (8). SREBP-1c affects 
the expression of target genes by binding 
to sterol response elements, usually located 
near the promoter region of a target gene. 
In addition to the regulation of SREBP-1c 
gene expression by insulin, insulin appears 
to regulate the cleavage of SREBP-1c, 
which also directly affects the amount of  
SREBP-1c in the nucleus (9). SREBP-1 KO 
mice exhibit profound abnormalities in 
lipid metabolism (10).

ChREBP, another bHLH transcription 
factor, also plays a central role in the 
dietary regulation of hepatic gene expres-
sion. This factor was identified by its bind-
ing to carbohydrate response elements 
(ChOREs) in a variety of glucose-respon-
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sive, lipogenic genes, including those 
encoding acetyl-CoA carboxylase (ACC), 
fatty acid synthase (FAS), and liver–pyru-
vate kinase (L-PK) (11, 12). Since the ini-
tial discovery of ChREBP, this protein has 
been found to play a central role in the 
regulation of hepatic genes by glucose. 
Indeed, mice without this transcription 
factor exhibit a marked shift in substrate 

utilization and ATP hydrolysis by the liver, 
thereby leading to a markedly hypoener-
getic state (13).

Glucose metabolism, initiated by GK, 
leads to an increase in xyulose-5-phos-
phate, an intermediate in the hexose 
monophosphate shunt pathway. At low 
glucose concentrations, ChREBP is an 
inactive protein found mostly in the cyto-

plasm due to its being phosphorylated 
at Ser196 by protein kinase A. However, 
at high glucose concentrations, ChREBP 
becomes dephosphorylated, probably by 
protein phosphatase 2A (PP2A), thereby 
stimulating its translocation to the nucle-
us (14, 15) as shown in Figure 1.

Do the LXRs, upstream modulators 
of ChREBP and SREBP1c, function 
as glucose sensors?
LXRα and LXRβ, closely related members 
of the nuclear hormone receptor super-
family, have also been found to contrib-
ute to the regulation of hepatic lipogen-
esis (16). While first classified as orphan 
nuclear receptors, both were discovered 
to bind oxysterols, metabolites of cho-
lesterol, and to regulate genes critical to 
cholesterol efflux and the conversion of 
cholesterol to bile acids (17). Moreover, 
LXRα and LXRβ have recently been found 
to bind to regulatory elements in the 
genes encoding SREBP-1c and ChREBP 
(18), thereby positioning each of these 
transcription factors to regulate a wide 
number of genes, some of which encode 
enzymes involved in fatty acid metabolism 
(19). All of these responses are abolished 
in LXRα/β double-KO mice (19).

Recently, Mitro et al. reported that 
glucose is able to bind and stimulate the 
transcriptional activity of LXRs (3). This 
group reported that both d- and l-glucose, 
as well as glucose-6-phosphate (G-6-P),  
the initial metabolite of d-glucose, bind 
to and activate the LXRs, thereby lead-
ing to the activation of LXR target genes, 
including ChREBP, in HepG2 cells (3). On 
account of these data, Mitro et al. pro-
posed that the LXRs function directly as 
glucose sensors in the liver. Because the 
LXRs lie upstream of both SREBP-1c and 
ChREBP in the glucose and insulin sig-
naling pathways in liver, they are certainly 
positioned to be able to regulate many 
downstream genes (Figure 1). However, 
questions were raised immediately about 
this study (20), including the fact that the 
experiments were performed in HepG2 
cells, a human hepatocellular carcinoma 
cell line that responds poorly, if at all, to 
glucose, and that there is no stereo-specific 
discrimination between d- and l-glucose. 
In the model proposed by Mitro et al., glu-
cose would activate the expression of lipo-
genic genes by the activation of the LXRs. 
This in turn would increase the expres-
sion of both ChREBP and SREBP-1c.  
However, if this model were true, then the 

Figure 1
Transcriptional regulation of hepatic lipogenesis by glucose and insulin. In this issue, 
Denechaud et al. (4) describe a series of studies that strongly challenge a recent report 
by Mitro et al. (3) suggesting that LXRα/β has a direct glucose-sensing function in liver. 
Denechaud et al. provide strong evidence for ChREBP, not the LXRs, in mediating the 
effect of glucose on genes in the liver (4). The regulation of hepatic lipogenesis involves 
several transcriptional regulatory networks. Three transcription factors, ChREBP, LXRα/β,  
and SREBP-1c, contribute to this regulation, but in an often incestuous manner. For instance, 
LXRα/β has been found to regulate the transcription of both ChREBP and SREBP-1c.  
ChREBP, LXRα/β, and SREBP-1c bind to ChOREs, LXR response elements (LXREs), 
and sterol response elements (SREs), respectively. Moreover, DNA binding by ChREBP 
and LXRα/β requires heterodimerization with Max-like protein (Mlx) and retinoid X receptor 
(RXR), respectively. Genes that regulate hepatic lipogenesis have been found to contain 1 
or more ChOREs, LXREs, and/or SREs. Some genes, such as for FAS, are regulated by all 
3 transcription factors. The authors demonstrate that glucose flux is necessary for regulation 
of hepatic genes by glucose and that phosphorylation of ChREBP at Ser196 is reciprocally 
regulated by glucose flux. ChREBP is located in the cytoplasm under low plasma glucose 
concentration due to the phosphorylation of Ser196. As the plasma glucose level rises,  
glucose enters hepatocytes and is rapidly equilibrated due to the low-Km glucose trans-
porter GLUT2. Glucose phosphorylation is then initiated by GK, leading to the formation of  
xyulose-5-phosphate (X-5-P) by the hexose monophosphate shunt pathway. Increased 
xyulose-5-phosphate in turn appears to cause dephosphorylation of Ser196 on ChREBP 
(probably through activation of PP2A), thereby allowing ChREBP to enter the nucleus and 
affect gene expression. Insulin appears to affect hepatic lipogenesis principally by increas-
ing transcription of both ChREBP and SREBP-1c.
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ability of glucose to induce the expression 
of lipogenic genes would be lost in LXRα/β  
double-KO mice.

New evidence against a glucose-
sensing function by the LXRs
The current report by Denechaud et al. 
(4) provides new insights into the respec-
tive roles of ChREBP, SREBP-1c, and the 
LXRs in the signal transduction pathways 
involved in regulating lipid synthesis in 
the liver. The authors performed a series 
of experiments directed at clarifying the 
separate roles of ChREBP, SREBP-1c, and 
LXRα/β in the nutritional regulation of 
hepatic genes.

First, using C57BL/6J mice that were 
either fed or fasted, as well as primary 
hepatocytes from these mice, Denechaud 
et al. show that LXR activation by the 
synthetic agonist T0-901317 is not able 
to overcome the posttranslational modi-
fications of ChREBP mediated by glucose 
metabolism and that glucose flux is nec-
essary for the transcriptional activation 
and nuclear localization of ChREBP (4). 
These studies made use of a phosphospe-
cific antibody developed by the authors 
that enabled the phosphorylation of 
ChREBP at Ser196 to be directly moni-
tored. T0-901317, the LXRα/β-activating 
agonist, did not affect either the dephos-
phorylation or nuclear translocation of 
ChREBP nor the expression of the gene 
encoding L-PK, which is known to be 
directly regulated by ChREBP. Finally, 
the authors demonstrated that refeeding 
fasted LXRα/β double-KO mice with a 
high-carbohydrate diet increases ChREBP 
gene expression and the translocation of 
this protein into the nucleus.

Second, the authors compared the 
extent to which LXRs contribute to the 
regulation of 8 hepatic genes that play key 
roles in glycolysis and lipogenesis by com-
paring the effects of fasting and refeeding 
a high-carbohydrate diet in wild-type and 
LXRα/β double-KO mice (4). This experi-
ment revealed that in LXRα/β double-
KO mice there was a lack of induction of 
genes regulated principally by SREBP-1c  
and LXRα/β and that the high-carbo-
hydrate diet–mediated induction of 
ChREBP expression and its translocation 
to the nuclei of hepatocytes was unaffect-
ed. In interpreting this experiment, the 
authors dutifully note that there are dif-
ferent regulational patterns. Specifically, 
L-PK and ACC are principally regulated 
by ChREBP and stearoyl-CoA desaturase 1  

(SCD1) and glyceraldehyde 3-phosphate 
acyltransferase (GPAT) are under the tran-
scriptional control of SREBP-1c and/or  
the LXRs, whereas FAS is synergistically 
regulated by all 3 factors.

Third, the authors examined the regu-
lation by glucose of L-PK and ACC gene 
expression in hepatocytes from LXRα/β 
double-KO mice (4). These genes, both 
of which contain well-defined ChOREs, 
were adequately induced by the addition 
of glucose, a finding that is directly con-
trary to what would be expected if LXRα 
and LXRβ were acting as hepatic glucose 
sensors. However, the induction by glu-
cose of both L-PK and ACC did not occur 
after the cells were treated with an siRNA-
expressing recombinant adenovirus that 
knocked down ChREBP.

Fourth, Denechaud et al. used a fluo-
rescence resonance energy transfer assay 
to test the ability of glucose and several 
glucose metabolites to induce the recruit-
ment of several coactivator peptides by 
the LXR ligand-binding domain (4). This 
experiment provided another direct test 
of the model proposed by Mitro et al. (3), 
namely, that LXRα and LXRβ function 
as hepatic glucose sensors by recruiting 
transcriptional coactivators in response 
to increasing concentrations of glucose 
or its metabolites. While the LXR agonist 
T0-901317 induced the recruitment of 
cofactor peptides to both LXRα and LXRβ, 
as would be expected, neither glucose nor 
G-6-P, when added directly to this cell-free 
assay, had any effect. Moreover, by perform-
ing cotransfection experiments using chi-
meric LXRα/β-Gal4 DNA-binding proteins 
and a Ga14-responsive luciferase reporter 
in HepG2 cells (the same cell line used by 
Mitro et al.), Denechaud et al. showed that 
glucose had no potentiating effect (4).

When considered together, existing 
knowledge about the function of ChREBP 
in the liver and the results of the current 
study by Denechaud et al. strongly chal-
lenge the findings of Mitro et al. and 
simultaneously greatly strengthen the 
case for ChREBP being the principal 
determinant for the regulation of hepatic 
genes by glucose and dietary carbohy-
drate. Indeed, these new findings provide 
very convincing evidence that LXRα and 
LXRβ do not have a direct glucose-sens-
ing function in the liver.

So, does metabolic flux really matter for 
the regulation of hepatic genes by glucose? 
The answer, as has been thought to be the 
case for decades, remains yes.

Where to from here?
While ChREBP, SREBP-1c, and LXRs all 
play integral roles in the regulation of 
lipogenesis by the liver, much remains 
to be learned about how they are regu-
lated, especially by insulin and glucose. 
In particular, a great deal more remains 
to be determined about the regulation 
of ChREBP. Specifically, how does phos-
phorylation regulate the activity and 
nuclear transport of this protein; what 
protein kinases and phosphatases are 
involved; and do specific metabolites play 
a role? New and emerging technologies 
may make such determinations possible. 
Indeed, only then will our understanding 
of this intriguing aspect of liver function 
be complete.
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Growth hormone resurrects adult human  
thymus during HIV-1 infection
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In conditions of severe T cell depletion, such as HIV-1 infection, limited T 
cell production by the thymus can thwart the immune response, putting 
individuals at increased risk of infection with opportunistic pathogens. 
In this issue of the JCI, Napolitano et al. report, in a prospective, random-
ized study, that treatment of HIV-1–infected adults with growth hormone 
may reverse thymic atrophy, as reflected by increased de novo thymic T cell 
production accompanied by increased peripheral T cell production (see the 
related article beginning on page 1085). While the long-term immunologi-
cal and clinical benefits of growth hormone treatment remain unclear, the 
data suggest a way in which to enhance thymopoiesis and peripheral T cell 
production in immunodeficient individuals.

T cell depletion due to (a) chemo- or 
radiotherapy for the treatment of cancer; 
(b) myeloablative chemotherapy prior to 
bone marrow transplantation; (c) immu-
nosuppressive treatment to avoid trans-
plant rejection; or (d) HIV infection can 
be quite prolonged. These patients may be 
susceptible to life-threatening viral infec-
tions and opportunistic and virus-induced 
cancers for longer periods of time. More-
over, given the increasing numbers of 
aged individuals in the human popula-
tion, age-related loss of immune func-
tion is a significant and growing clinical 
problem. Loss of thymus function and 
decreasing de novo naive T cell produc-
tion during aging may be the main cause 
for failing immunity in the elderly (1, 2). 

Peripheral, homeostatic T cell prolifera-
tion may compensate for decreasing and 
insufficient thymic production of naive T 
cells but does not broaden the TCR rep-
ertoire. Since for proper T cell reconstitu-
tion, influx of recent thymic emigrants 
into the T cell pool is required to maintain 
the naive and memory T cell pool and the 
TCR repertoire, homeostatic prolifera-
tion may result in accelerated aging of the 
T cell pool, as reflected by limited TCR 
diversity, loss of T cell function, and cel-
lular senescence (3).

Loss of thymic export as a predominant 
source of T cell neogenesis with age has 
been formally proven in the mouse (1). In 
humans, the association between thymic 
atrophy and the decline of naive T cell 
numbers and TCR rearrangement exci-
sion circle (TREC) frequency with age is 
well documented (1). TRECs are stable 
DNA circles that are excised from T cell 
germline DNA to allow for TCR forma-
tion during early T cell development. 
Briefly, early in T cell neogenesis within 
the thymus, during TCR generation and 

rearrangement, the TCRd locus (TRD@) 
is excised from within the TCRa locus 
(TRA@). This excision generates a circu-
lar episomal DNA fragment known as a 
TREC (Figure 1). Thymic emigrants have 
high concentrations of TRECs, which 
upon cell division are not replicated but 
are gradually diluted with every round of 
division. Increase in TREC density and 
number has become an accepted indica-
tor of thymic function. Thymic output 
has been found to be directly related to 
thymic cellularity (4), but in the mouse 
there is no evidence for rebound of thy-
mic output as a homeostatic response 
to severe depletion of the peripheral T 
cell pool. In humans, evidence for thy-
mic rebound has been claimed based on 
increased thymic mass or exceedingly 
high TREC frequencies observed during 
immune reconstitution. However, this 
issue remains controversial (5).

Causes of thymic atrophy
Gradual, age-associated thymic atrophy 
is believed to be caused by declining lev-
els of several hormones, including human 
growth hormone (GH) and its mediator 
IGF-1, as well as the cytokine IL-7 (1). 
In the mouse, a relationship between 
IL-7 and thymic T cell output, as well as 
between IL-7 and peripheral T cell divi-
sion, are well established (6). Studies in 
humans and nonhuman primates, how-
ever, have mainly shown effects of IL-7 on 
peripheral T cell division (7–9).

GH is produced by a large variety of 
cell types, including thymocytes, thymic 
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