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some attractive biological characteristics as 
a drug target. First, its site of action within 
the central death machinery may provide a 
target for specific inhibition of cell death. 
Second, its low basal levels in most tissues 
may minimize the possibility of untow-
ard effects in nontarget organs. Third, the 
fact that Bnip3 is induced in response to 
hypoxia suggests that there is a temporal 
window, prior to significant Bnip3 accu-
mulation and cell death, during which 
treatment could be beneficially instituted. 
Despite these characteristics, significant 
logistical hurdles exist in designing a prac-
tical pharmacological approach to inhibit 
this intracellular protein.
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In this issue of the JCI, Morioka et al. report on mice with a whole-pancreas 
knockout of the leptin receptor that exhibit improved glucose tolerance 
due to enhanced insulin secretion (see the related article beginning on page 
2860). At first glance, their findings are very different from those reported 
in another recent study in which β cell–specific and hypothalamic knockout 
of the same gene caused obesity and impaired β cell function. The differ-
ences, which are understandable when one considers the body weights of 
the animals studied, provide new insight into the links among insulin, leptin 
action, and β cell function.
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The prevalence of both obesity and type 2 
diabetes are increasing at an alarming rate. 
Clearly, an improved understanding of the 
mechanisms involved in energy homeosta-
sis will be required to halt these epidemics. 
In 1994, the cloning of the peptide hor-
mone leptin, an adipocyte-derived factor 

secreted in proportion to body fat, opened 
new doors for exploring the molecular 
mechanisms underpinning energy homeo-
stasis (1). However, despite an avalanche of 
new knowledge gained since then, many 
fundamental questions remain unan-
swered, including how systems regulating 
energy homeostasis interface with those 
that regulate glucose homeostasis.

Leptin and glucose homeostasis
Mice and humans that are deficient in 
either leptin (in the case of ob/ob mice) or 
the leptin receptor (db/db mice) not only 
develop obesity, but become both insulin 
resistant and glucose intolerant and are at 
high risk to develop diabetes (1–3). The pro-
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found insulin resistance and glucose intol-
erance that characterize leptin deficiency 
are, intriguingly, to some degree indepen-
dent of body weight. Indeed, treatment of 
leptin-deficient animals with leptin restores 
glucose homeostasis independent of weight 
loss (4), which suggests that leptin may act 
directly on pancreatic β cells to affect their 
function. Toward that end, in this issue of 
the JCI, Morioka and coworkers describe 
a pancreas-wide knockout of the leptin 
receptor in mice (5). Interestingly, the 
principal phenotype of their mice, namely 
improved glucose tolerance, is in apparent 
contradiction to that reported in a recent 
study by Covey et al. (6), who also utilized 
a Cre-loxP strategy to assess the effect of a 
combined β cell and partial hypothalamic 
knockout of the leptin receptor. Covey et al.  
concluded that the loss of leptin signaling 
in the pancreatic β cell causes impaired β 
cell function, although their animals, like 
those studied by Morioka et al., exhibited 
fasting hypoglycemia relative to the con-
trols due to insulin hypersecretion.

Weighty differences in experimental 
design and outcome
To attempt to reconcile these two very simi-
lar studies, it is vital to have an understand-
ing of the biology of both the floxed leptin 
receptor alleles and the Cre recombinase 

driver mice that were used. Morioka et al. (5) 
used a conditional allele that removes exon 1  
from the leptin receptor gene (7), whereas 
that used by Covey et al. (6) removes exon 
17 (8). Cre recombinase causes a total gene 
ablation of the former allele, whereas a 
frameshift mutation of the leptin receptor 
occurs in the latter situation, resulting in 
a receptor protein that lacks both Tyr985 
and Tyr1138 — sites of JAK-mediated phos-
phorylation necessary for leptin-stimulated 
STAT phosphorylation (8). While total gene 
ablations of proteins that provide scaffold-
ing functions may sometimes generate mis-
leading phenotypes, this is unlikely to be 
the case here. Rather, the different pheno-
types observed are far more likely to be due 
to the use of different Cre driver lines, which 
led to the absence of the leptin receptor in 
overlapping but different cell types and tis-
sues. Although the Cre driver lines used by 
both groups are state of the art, in neither 
case does the gene deletion occur only in 
pancreatic β cells.

Covey et al. (6) used the well-known rat 
insulin 2 promoter (RIP) Cre driver line (9) 
to generate a combined β cell and partial 
mediobasal hypothalamic knockout of the 
leptin receptor. On the other hand, Mori-
oka et al. (5) used a pancreatic and duode-
nal homeobox 1–Cre (Pdx1-Cre) transgene 
to disrupt expression of the leptin recep-

tor in the pancreas without affecting its 
expression in the brain. However, it should 
be noted that Pdx1 is broadly expressed 
in the posterior foregut during develop-
ment (10–12). Thus, the use of a Pdx1-Cre 
transgene by Morioka et al. may have also 
deleted expression of the leptin receptor in 
cells that secrete glucagon, glucagon-like 
peptide 1 (GLP-1), glucose-dependent insu-
linotropic peptide (GIP), ghrelin, and oth-
ers, all of which have well-known roles in 
glucose homeostasis. Nonetheless, even if 
leptin signaling was disrupted in other cell 
types, the findings are almost certainly due 
to changes in β cell function. Comparison 
of the two studies suggests that deletion 
of the leptin receptor in the hypothala-
mus of the mice utilized by Covey et al. (6) 
is a more significant factor than initially 
thought. While these investigators reason-
ably attempted to control for this possibil-
ity by comparing β cell function in weight-
matched animals, an experiment performed 
by Morioka et al. (5) becomes key for recon-
ciling the observed phenotypic differences. 
They tested the effect of a high-fat diet on 
mice lacking leptin receptors only in the 
pancreas and found that as the mice devel-
oped diet-induced obesity, the phenotype of 
these animals shifted from one of improved 
to impaired β cell function, relative to that 
of mice that had intact leptin receptors 

Figure 1
Effects of leptin on the pancreatic β cell. The secretion of insulin is a complex, multistep process. The β cell senses nutrient availability, including 
that of glucose, amino acids, and fatty acids, through the metabolism of these molecules. An increase in the ATP/ADP ratio stimulates closure 
of the KATP channel, thereby causing depolarization of the plasma membrane, activation of a voltage-dependent calcium channel, and insulin 
exocytosis. The study by Morioka et al. (5) in this issue of the JCI shows that, in the context of overnutrition, leptin attenuates insulin secretion by 
the β cell. First, leptin appears to function to maintain the patency of the KATP channel, thereby hyperpolarizing the β cell plasma membrane. This 
could occur either by enhancing channel activity or by rendering the channel less sensitive to changes in the ATP/ADP ratio. Second, leptin may 
play a role in maintaining flux through key metabolic pathways of intermediary metabolism by assuring the proper allosteric and transcriptional 
regulation of key metabolic enzymes. If so, impaired leptin signaling in the β cell could lead to an enhanced susceptibility to the negative effects 
of overnutrition, thereby causing an impairment of insulin secretion.
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in their β cells. Thus, it now appears that 
because the genetically engineered mice 
made by Covey et al. were heavier than lit-
termate controls, they exhibited impaired 
β cell function. Therefore, given the model 
proposed below, obese animals that lack 
leptin signaling in their β cells will have 
decreased β cell function, compared with 
weight-matched controls. Covey et al. (6) 
simply achieved obesity through a geneti-
cally induced impairment of leptin signal-
ing in the hypothalamus instead of by feed-
ing a high-fat diet, as did Morioka et al. (5).

The pancreatic β cell  
and metabolic sensing
The pancreatic β cell is an exquisite meta-
bolic energy sensor. Although glucose is the 
principal insulin secretagogue, amino acids, 
fatty acids, and a number of hormones 
(including both insulin and leptin) and 
neurotransmitters also affect the amount 
of insulin that is secreted (Figure 1). The 
intracellular mechanisms that couple these 
various stimuli to insulin secretion are both 
complex and highly interdependent. For 
instance, the ATP-sensitive potassium (KATP) 
channel, which determines β cell membrane 
potential, also serves to couple intracellular 
metabolism to plasma membrane poten-

tial in the β cell. This channel is sensitive to 
changes in the ATP/ADP ratio, PI3K signal-
ing (mediated either by insulin [ref. 13] or 
leptin [ref. 14]), and long-chain fatty acids 
or their derivatives (15, 16). Closure of this 
channel leads to membrane depolarization, 
activation of a voltage-dependent calcium 
channel, influx of calcium, and the initia-
tion of insulin secretion.

Leptin induces β cell hyperpolarization by 
activating insulin-like signal transduction 
— a phenomenon referred to as cross-talk 
(17) — which, by activating the KATP chan-
nel, inhibits insulin secretion. Cross-talk 
between leptin and insulin signaling is a 
more complex process than it may first 
appear, especially given a number of recent 
findings (14, 18). Nonetheless, the absence 
of leptin signaling in β cells of lean mice is 
predicted to improve basal insulin secretion 
by removing this hyperpolarizing force. 
While this prediction is confirmed by the 
findings of both groups (5, 6), the KATP chan-
nel–dependent membrane effects of leptin 
are not the end of the story (Figure 1).

As we now know, consumption of a high-
fat diet, or overnutrition, in either humans 
or rodents causes metabolic alterations 
that increase the risk of developing dia-
betes. Many different names have been 

coined to describe these alterations (e.g., 
insulin resistance, glucotoxicity, lipotox-
icity, oxidative stress, and mitochondrial 
dysfunction). Whatever term one prefers, 
nutrient excess leads to an uncoupling of 
the sensory secretion mechanisms in the  
β cell. Intermediary metabolism serves as 
the vital link by enabling the β cell to sum 
and integrate a plethora of different meta-
bolic stimuli. For example, glucose oxida-
tion, fatty acid oxidation, and long-chain 
fatty acyl CoA synthesis are so interlinked 
that they oscillate in synchrony (19). Inhibi-
tion of key control steps in these signaling 
pathways, as occurs in the setting of over-
nutrition, impairs insulin secretion. It has 
long been thought that a vital function of 
leptin at the cellular level is to maintain the 
ebb and flow of cellular metabolic informa-
tion by preventing the accumulation of fat 
in the wrong places, such as β cells, where it 
leads to cellular dysfunction (20). The find-
ings of both Morioka et al. (5) and Covey 
et al. (6), by indicating a vital function for 
leptin in β cells exposed to overnutrition, 
support this notion.

Adiposity and β cell function:  
an integrated view
Not only do the findings of both Morioka 
et al. (5) and Covey et al. (6) support a role 
for leptin signaling in the pancreatic β cell, 
they also have broader implications for 
understanding energy homeostasis. Since 
(a) leptin is secreted in direct proportion 
to adipose mass; (b) insulin is potently 
lipogenic; and (c) leptin has a restraining 
effect on the β cell, the new findings vali-
date the existence of an adipose tissue–islet 
feedback loop in which insulin secretion 
by the β cell is inversely related to body fat 
(Figure 2). Moreover, these findings add 
additional complexity to current models 
of energy homeostasis that will require 
further exploration and validation. Indeed, 
it is becoming clear that one must concep-
tualize energy homeostasis in a very broad 
manner that simultaneously considers the 
effects of glucose, insulin, and leptin in 
multiple tissues.

Finally, these findings also highlight 
several long-standing questions, such as, 
why doesn’t obesity always cause diabetes? 
For any biological system this important 
and complex, there will certainly be other 
physiological mediators whose function 
is to further integrate the signals gener-
ated principally by glucose, insulin, and 
leptin. However, to understand what these 
mediators are and how they work, the use 

Figure 2
Homeostatic feedback loops affecting energy homeostasis and glucose homeostasis. Leptin 
and insulin are both secreted in proportion to energy availability. Whereas leptin secretion is 
indicative of adipose mass and thus is more chronic in nature, insulin secretion reflects both 
acute and chronic nutritional status. The findings of Morioka et al. (5) validate the existence of 
an adipose tissue–islet endocrine feedback loop. Insulin is both potently lipogenic and functions 
in the CNS to reduce nutrient intake. Leptin also acts on the CNS to reduce nutrient intake and 
directly on β cells in lean animals to inhibit insulin secretion. The findings of both Morioka et al. 
(5) and Covey et al. (6) suggest that as body weight increases, leptin signaling protects the β 
cell from the adverse effects of overnutrition. Thus, glucose and energy homeostasis should 
both be considered in a very broad manner that simultaneously takes into account the effects 
of glucose, insulin, and leptin in multiple tissues.
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of Cre-expressing mice that express this 
enzyme in a strictly β cell–specific man-
ner will be essential. Indeed, considering 
that efforts are currently underway to gen-
erate conditional alleles for virtually all 
genes, the Cre-loxP strategy will be a cor-
nerstone technology for understanding 
energy homeostasis in the mouse. How-
ever, certain lines of mice, including the 
B6.Cg-Tg(Ins2-Cre)25Mgn/J animals we 
generated nearly ten years ago (9) and that 
were used by Covey et al., need to be sup-
plemented by more robust models that are 
free of some of the flaws that have been so 
aptly demonstrated here and elsewhere.
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Role for HLA in susceptibility  
to infectious mononucleosis
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Factors involved in determining whether infectious mononucleosis occurs 
after primary EBV infection may include age, dose of virus received, and 
various genetic markers. A study by McAulay and colleagues reported in 
this issue of the JCI shows that the presence of certain HLA class I alleles 
correlates with the incidence and severity of infectious mononucleosis (see 
the related article beginning on page 3042). These same HLA alleles are also 
risk factors for EBV-associated Hodgkin lymphoma (HL), supporting recent 
epidemiology that indicates that a history of infectious mononucleosis pre-
disposes to HL. Recent studies suggest that an EBV vaccine might help to 
prevent infectious mononucleosis, and further development of this should 
now be considered.
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Over 90% of the world’s population 
become infected by EBV in their lifetime 
(1), and EBV is one of the best understood 
herpesviruses at the molecular level, but 
there are still some remarkable gaps in 
our knowledge about the details of natu-
ral EBV infection. Primary EBV infection 

was shown many years ago to be the main 
cause of infectious mononucleosis (IM). 
EBV mainly infects B lymphocytes, and the 
current model of in vivo infection (1–3) 
suggests that the purpose of the various 
Epstein-Barr nuclear antigen (EBNA) and 
latent viral protein (LMP) genes in EBV is 
to ensure survival of infected B cells so that 
they can transit into the long-lived mem-
ory B cell population, in which the virus 
is thought to persist. In this respect, the 
viral strategy is analogous to that of other 
herpesviruses, which are characterized by 
persistence in a latent state in a certain cell 
type for the lifetime of the infected host. 
Replicating EBV can be found in antibody-
producing plasma cells (4), which result 
from the end-stage of B cell differentiation, 
indicating that reactivation of EBV and 


