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In this study, we investigated the metabolic phenotype of the
NF-�B p50 knock-out (p50-KO) mice. Compared with wild type
mice, the p50-KO mice had an increase in food intake, but a
decrease in body fat content. On chow diet, their blood glucose
dropped much more than the wild type (WT) mice in the insulin
tolerance test. Their glucose infusion rate was 30% higher than that
of the WT mice in the hyperinsulinemic-euglycemic clamp. Their
hepatic glucose productionwas suppressedmore actively by insulin,
and their insulin-induced glucose uptake was not altered in skeletal
muscle or adipose tissue. In the liver, their p70S6K (S6K1) protein
was significantly lower, and tumor necrosis factor-� (TNF-�)
expression was much higher. Their S6K1 protein was reduced by
TNF-� treatment in the primary culture of hepatocytes. S6K1
reduction was blocked by the proteasome inhibitorMG132. In their
livers, IKK2 (IKK�) activity was reduced together with IKK�. Their
S6K1 degradation was dependent on IKK2 deficiency. Reconstitu-
tion of the S6K1 protein in their liver blocked the increase in insulin
sensitivity. S6K1 degradationwas not observed in hepatocytes of the
WTmice. The data suggest that inactivation of NF-�B p50 leads to
suppression of IKK2 activity in the liver. IKK2 deficiency leads to
S6K1 inhibition through TNF-induced protein degradation. The
S6K1 reduction may contribute to insulin sensitivity in p50-KO
mice. This study suggests that hepatic S6K1 may be a drug target in
the treatment of insulin resistance.

Chronic inflammation occurs in adipose tissue and liver in
obesity (1, 2). It is generally believed that inflammation contrib-
utes to pathogenesis of insulin resistance through activation of
IKK/NF-�B and JNK signaling pathways. Serine kinase IKK2
(IKK�) contributes to insulin resistance by activation of tran-
scription factorNF-�B (3–6) or induction of IRS-1 serine phos-
phorylation (7, 8). Data from Ikk2 transgenic mice suggest that
NF-�Bmaybe involved in the pathogenesis of insulin resistance

(4). However, the role of NF-�B has not been directly tested by
gene knock-out in mice.
NF-�B contains two subunits, p50 (NF-�B1) and p65 (RelA),

in most cases. The p50 knock-out (p50-KO) mice were first
reported in 1995, inwhich the p50 genewas globally inactivated
by gene deletion (9). The mice are normal in growth, but defi-
cient in B lymphocyte function. The p50-KO mice have been
used in the study of many biological systems including the
immune system (10, 11), muscle dystrophy (12), liver regener-
ation (13, 14), aging (15), and brain function (16). However, the
metabolic phenotype remains unclear in this line of KO mice.
Whole body knock-out of p65 (p65-KO) was reported in 1995
for embryonic lethality (17, 18).
S6K1 (p70 ribosomal protein S6 kinase) is a serine kinase in

the PI3K/Akt signaling pathway. It mediates nutrient (amino
acid and glucose) and insulin signals in the regulation of insulin
sensitivity (19, 20). Global inactivation of S6K1 in knock-out
mice protects the mice against diet-induced insulin resistance
(21). An increase in S6K1 activity leads to insulin resistance in
mice (22). In humans, inhibition of the S6K activity by rapamy-
cin leads to protection against insulin resistance (23). S6K1
contributes to insulin resistance by phosphorylation of IRS-1 at
several serine residues (24–28). However, it is largely unknown
how S6K1 protein abundance is regulated in cells.
To collect direct evidence for regulation of insulin resistance

byNF-�B,we conducted a hyperinsulinemic-euglycemic clamp
assay in the p50-KO mice. The data suggest that global inacti-
vation of NF-�B p50 enhances insulin sensitivity in mice pri-
marily through the liver. The molecular mechanism is related
to inhibition of the S6K1 activity through a proteasome-de-
pendent mechanism, which is a consequence of increased
TNF-� activity and reduced IKK2 activity in the liver ofp50-KO
mice.

EXPERIMENTAL PROCEDURES

Animal Models—Male p50-KO (Nf-�b1 KO) mice with the
B6X129PF2 gene background were purchased at 4 weeks of age
from The Jackson Laboratory (Bar Harbor, ME). The age- and
gender-matched wild type mice in the same gene background
were purchased and used as the control. The mice were subject
to a 1-week quarantine after arrival. All of themicewere housed
at 4 mice/box in the animal facility with a 12:12-h light-dark
cycle and constant temperature (22–24 °C). The mice had free
to access water and chow diet. All procedures were performed
in accordance with the National Institutes of Health guidelines
for the care and use of animals and approved by the Institu-

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK68036 (to J. Y.). This work was also supported by the American
Diabetes Association Research Award 7-07-RA-189 (to J. Y.).

1 To whom correspondence should be addressed: 6400 Perkins Rd., Baton
Rouge, LA 70808. Fax: 225-763-3030; E-mail: yej@pbrc.edu.

2 The abbreviations used are: NF-�B, nuclear factor �B; HFD, high fat diet, 58%
calorie in fat; I�B�, inhibitor � B�; IKK2, I�B� kinase 2 (IKK�); JNK, c-Jun
NH2-terminal kinase; p50 (NF-�B1), NF-�B p50 subunit; p65 (RelA), NF-�B
p65 subunit; S6K, p70 ribosomal protein S6 kinase; TNF-�, tumor necrosis
factor-�; mTOR, mammalian target of rapamycin; KO, knock-out; MEF,
mouse embryonic fibroblast; GTT, glucose tolerance test; ITT, insulin toler-
ance test; GFP, green fluorescent protein; RT, reverse transcriptase; IL,
interleukin; WT, wild type; PI3K, phosphatidylinositol 3-kinase; IRS, insulin
receptor substrate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 27, pp. 18368 –18376, July 3, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

18368 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 27 • JULY 3, 2009



tional Animal Care and Use Committee at the Pennington Bio-
medical Research Center.
High Fat Diet (HFD)—HFD (D12331, Research Diets, New

Brunswick, NJ) contains 58% of kcal as fat. The mice were fed
the HFD beginning at 5 weeks of age. Their body weight and
composition were examined every 2 weeks.
Cell Culture and Reagents—Mouse embryonic fibroblast

(MEF) cell lines including WT and Ikk2-KO (Ikk2�/�) were
described elsewhere (7). The cells were maintained in 10% fetal
bovine serum, Dulbecco’s modified Eagle’s medium in a 5%
CO2 incubator. The cells were starved in Dulbecco’s modified
Eagle’s medium containing 0.2% fatty acid-free bovine serum
albumin overnight before treatment with 10 ng/ml TNF-�
(T-6674, Sigma). Rapamycin (A-275) was purchased from
Biomol International (Plymouth Meeting, PA). 15PdGJ2
(catalog number 538927) was from Calbiochem (EMD,
Gibbstown, NJ).
Nuclear Magnetic Resonance—Body composition was meas-

ured using quantitative nuclear magnetic resonance (NMR) as
described elsewhere (29). In the test, a 6-week-old conscious
and unrestrained mouse was placed into a small tube, and then
the tube was inserted into a Brucker model mq10 NMR ana-
lyzer (Brucker, Milton, ON, Canada). The fat and lean mass
were recorded within 1 min. Measurements were made in
triplicate.
Intraperitoneal Glucose Tolerance Test (GTT) and Insulin

Tolerance Test (ITT)—GTT was conducted by intraperitoneal
injection of glucose at 250mg/kg of bodyweight inmice after an
overnight fast. ITT was conducted by intraperitoneal injection
of insulin (I9278, Sigma) at 0.75 unit/kg of body weight in mice
after a 4-h fast as described elsewhere (29). Blood glucose was
monitored in the tail vein blood using the FreeStyle blood glu-
cose monitoring system (TheraSense, Phoenix, AZ).
Hyperinsulinemic-Euglycemic Clamp—The p50-KO mice

and wild type control mice were purchased from The Jackson
Laboratory at 5 weeks of age and shipped to the Mouse Meta-
bolic Phenotype Center of Vanderbilt University (Nashville,
TN). Themice were fed a chow diet at the animal facility center
of Vanderbilt University. The clamp was conducted in mice at
10 weeks of age. The clamp was performed in chronically cath-
eterized (jugular vein and carotid artery) conscious mice after a
5-h fast (29). Catheters were inserted 4–5 days prior to per-
forming the clamp. Only mice returning to within �10% of
presurgical body weight were studied. The arterial catheter was
used for blood sampling, and the venous catheter was used for
infusing glucose, blood, tracers, and insulin. Catheters were
attached to a swivel. Mice were unrestrained and not handled
thereafter to minimize stress. The clamp period (t � 0 min)
began at 1300 h. A primed continuous [3H]glucose infusion (5
�Ci of bolus and 0.05 �Ci/min) was given at t � �120 min to
measure glucose turnover. An insulin infusion was started at
t � 0 min (2 milliunits/kg/min; Humulin R, Eli Lilly). Saline-
washed erythrocytes were infused (5–6 �l/min) during the
experimental period to prevent an �5% fall in hematocrit. The
[3-3H]glucose was increased to 0.1 �Ci/min to minimize
changes in specific activity. Glucose (5 �l) was measured every
10min, and euglycemiawasmaintainedusing a variable glucose
infusion rate. Samples (10 �l) to determine glucose-specific

activity were taken at t � �5 min and every 10 min from t �
80–120min.At t� 120min a bolus of 2-[14C]deoxyglucosewas
given, and samples were taken at t� 122, 125, 130, 135, and 145
min. At t � 145 min animals were anesthetized, and tissues
were collected and rapidly frozen for subsequent analysis. Sam-
ples (50 �l) were taken to measure plasma insulin at t � 0, 120,
and 145 min.
Western Blot—Fresh fat and muscles were collected and fro-

zen in liquid nitrogen. The whole cell lysate protein was
extracted in lysis buffer with sonication and analyzed in West-
ern blots as described elsewhere (29). Antibodies to IKK1 (sc-
7182), I�B� (sc-371), IRS-1 (sc-7200), pIRS-1Tyr-632 (Tyr-628
inmouse) (sc-17196), IRS-2 (sc-8299), IKK� (sc-8330), and p65
(sc-8008x) were purchased from Santa Cruz. Antibodies to
tubulin (ab7291), �-actin (ab6276), p50 (ab7971), pIRS-1 Ser-
636 (Ser-632 inmouse) (ab53038), and S6K (ab9366) were from
Abcam (Cambridge, UK). IKK2 antibody (05-535) was from
Upstate, and pAkt Ser-473 (KP24001) was from Calbiochem.
pAkt Thr-308 (number 9275), pS6K (Thr-389, number 9205),
and pIKK (IKK1 Ser-180/IKK2 Ser-181, number 2681) were
fromCell Signaling Technology (Danvers,MA). To detectmul-
tiple signals from one membrane, the membrane was stripped
with a stripping buffer.
S6KReconstitution—TheS6K adenoviruswas constructed by

subcloning mouse S6K cDNA into the adenoviral vector in the
ViraPower Adenoviral Expression System (K4930-00, Invitro-
gen). The S6K cDNA was amplified in PCR from a plasmid
vector of hemogglutinin-S6K1 (8984, Addgene, Cambridge,
MA). Then, it was inserted into adenovirus plasmid vector
pAd/CMV/V5-DEST through the TOPO pENTR vector
(K2400-20). The viral vector was transfected into 293A cells for
virus production after digestion with the PacI endonuclease.
The adenovirus was purified and titrated according to theman-
ufacturer’s instructions. The p50�/� mice were injected with
S6K adenovirus or GFP adenovirus at 1 � 109 virus/mouse at 8
weeks of age through the tail vein. Three days later, ITT was
performed to evaluate insulin sensitivity after a 4-h fast.
Primary Hepatocytes—The primary hepatocytes were iso-

lated from mice at 6 weeks of age according to the procedure
described elsewhere (30). Briefly, themicewere anesthetized by
intraperitoneal injection of ketamine at a dose of 100 mg/kg of
bodyweight. The liver was first perfusedwith Ca2�-freeHanks’
balanced solution (Invitrogen) at a rate of 5 ml/min for 8 min
through the vena cava, followed by continuous perfusion for 12
minwith serum-freeWilliams’MediumE (Invitrogen) contain-
ing collagenase (Worthington, Type II, 50 units/ml) and 10mM

HEPES. Hepatocytes were harvested after centrifugation on
Percoll (Sigma). The purified hepatocytes were placed into col-
lagen-coated plates inWilliams’ Medium E supplemented with
10% fetal bovine serum for 24 h before the experiment. The
cytokine treatment was conducted in serum-free medium after
overnight serum starvation.
Quantitative Real-time RT-PCR—mRNA was examined in

total RNA that was extracted from frozen tissues (kept at
�80 °C) or cultured cells using Tri-Reagent (T9424, Sigma) as
described elsewhere (31). TaqManRT-PCRprimers andprobes
were used to determine mRNA for Tnf-� (Mm00443258_m1),
Il-6 (Mm00446190_m1), and S6k (Mm00659517_m1). The
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reagentswere purchased fromApplied Biosystems (FosterCity,
CA). Mouse ribosome 18S rRNA_s1 (without intron-exon
junction) was used as an internal control. The mRNA result for
each genewas normalizedwith the 18S signal. The reactionwas
conducted with a 7900 HT Fast real-time PCR system (Applied
Biosystems, Foster City, CA).
Cytokine Assay—Proteins for TNF-� and IL-6 were meas-

ured in the hepatocyte lysate using ELISA Kits (MTA00 and
M6000B, R&D Systems, Inc., Minneapolis, MN). The assay was
conducted according to the manufacturer’s instructions.
Hematoxylin and Eosin Staining—The fresh liver was col-

lected immediately after sacrifice of themouse and fixed in 10%
neutral buffered formalin solution (HT50-1-2, Sigma). Tissue
slides were obtained through serial cross-section cutting at
8-�m thickness and processed with a standard procedure.
Briefly, the slides were deparaffinated and stained in hematox-
ylin (number 101542, Surgipath) for 15min and rinsed in water
until sections were blue. Then, slides were stained in eosin

(E4009, Sigma), dehydrated quickly
in 95% ethanol, and treated with
phenazine methosulfate. The sec-
tions were mounted, and the image
was taken with a Nikon microscope
(Eclipse TS100).
Statistical Analysis—Data are

presented asmean� S.E. All in vitro
experiments were repeated inde-
pendently at least three times with
consistent results. Signals in West-
ern blots were quantified by densi-
tometry using the NIH ImageJ soft-
ware. Student’s t test was used in
statistical analysis of the data. p �
0.05 was considered as statistically
significant.

RESULTS

The p50-KO Mice Are Lean and
Resistant to Dietary Obesity—The
p50-KO mice are normal in devel-
opment, growth, and reproduction
(9). To understand their metabo-
lism, we monitored body weight, fat
mass, and food intake. Compared
with the WT mice, p50-KO mice
had 10% less body weight at 6 weeks
of age (Fig. 1A). Their fat mass was
50% less (Fig. 1B). Their lean body
mass was 3% higher (Fig. 1C). Their
food intake was higher after nor-
malization with body weight (Fig.
1D). On the HFD, these differences
remained between the KO and WT
mice. The KO mice were lower in
their body weight and fat content
(Fig. 1, E and F). Their food intake
was higher than that of theWTmice
(Fig. 1G). The data suggest that the

p50-KO mice have a lean phenotype and are resistant to diet-
induced obesity.
Insulin Sensitivity Is Enhanced in the p50-KO Mice—The

p50-KO mice were normal in fasting glucose, but their fast-
ing insulin was lower compared with that of the WT mice
(Fig. 2, A and B). Their glucose metabolism was evaluated in
a GTT and a ITT. Their glucose tolerance was not altered
(Fig. 2C), but their insulin tolerance was enhanced signifi-
cantly. The blood glucose dropped much faster in the KO
mice as indicated by the ITT result (Fig. 2D), suggesting a
higher level of insulin sensitivity. On the HFD, the KO mice
had a similar phenotype regarding glucose metabolism, as
they exhibited an identical fasting glucose as the WT mice
(Fig. 2E). Their insulin tolerance remained higher (Fig. 2F).
In GTT, no difference was observed between the KO andWT
mice (data not shown). The result suggests that the p50-KO
mice are more sensitive to insulin, and they are protected
from diet-induced insulin resistance.

FIGURE 1. Decreased body weight and fat content in p50-KO mice. The study was conducted in mice at 6
weeks of age. A, body weight (BW). B, body fat content. Body composition was determined in p50-KO mice at 6
weeks of age using NMR. C, body muscle content. D, food intake normalized with body weight. E, body weight
on the HFD. F, fat content on the HFD. G, food intake at 10 weeks on the HFD and normalized with body weight.
Each value represents the mean � S.E. (n � 8). *, p � 0.05; **, p � 0.001 by Student’s t test.

FIGURE 2. Insulin sensitivity in mice. In panels A–D, the mice were on chow diet, and the assays were con-
ducted in mice at 8 –9 weeks of age. In panels E and F, the mice were on the HFD. A, fasting glucose. B, fasting
insulin. C, GTT. D, ITT. E, fasting glucose at 10 weeks on HFD. F, ITT at 12 weeks on the HFD. Data are presented
as the mean � S.E. (n � 10). *, p � 0.05; **, p � 0.001 by Student’s t test.
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The Role of Liver in the Enhanced Insulin Sensitivity—To
identify the tissues/organs that are responsible for increased
insulin sensitivity, we performed the hyperinsulinemic-eugly-
cemic clamp test in p50-KO mice after a 5-h fast. During the
clamp, the blood glucose was maintained at the same levels in
KO andWTmice (Fig. 3A). Arterial insulin concentration was
increased from 0.5� 0.1 to 1.3� 0.2 ng/ml in the KOmice and
0.9 � 0.1 to 1.7 � 0.2 ng/ml in the WTmice during the clamp.
In the p50-KO mice, the glucose infusion rate was 30% higher
(Fig. 3B), and the endogenous glucose production was sup-
pressed by insulin more significantly. In the KO mice, the
hepatic glucose production was almost not detectable during
the clamp (Fig. 3C). In WT mice, hepatic glucose production
was only suppressed by 40% of the basal level. The whole body
glucose utilization rate was not different between KO and WT
mice (Fig. 3D). The tissue-specific glucose uptake was exam-
ined in themajor insulin-sensitive tissues including soleus, vas-
tus lateralis and gastrocnemius muscles, epididymal fat, dia-
phragm, and heart. The brain was examined as a negative
control. No difference was observed between the KO and WT
mice in most of the tissues, although glucose uptake was mod-
estly increased in the vastus lateralis muscle of KO mice (Fig.
3E). These results exclude the role of peripheral tissues and
highlight the role of liver in the insulin sensitivity in the p50-KO
mice.
Increased IRS Activities and Reduced S6K Protein in the

Liver—To understand the molecular mechanism of insulin
sensitivity in the liver, we examined the insulin signaling path-
way in liver tissue after themicewere challengedwith a bolus of
insulin. The pathway activity was determined by the phospho-

rylation status and protein abundance of the signaling proteins.
Tyr phosphorylation of IRS-1 is catalyzed by the insulin recep-
tor and is responsible for activation of PI3K/Akt kinases, which
are required for Glut4 translocation and glucose uptake. Tyro-
sine phosphorylation was monitored with a phospho-specific
antibody to Tyr-632 (Tyr-628 in themouse IRS-1), a parameter
of the insulin receptor activity (32). Tyrosine phosphorylation
was enhanced in p50-KO mice (Fig. 4A). Consistently, Akt
phosphorylation at Thr-308 and Ser-473 was increased in KO
mice (Fig. 4A), suggesting an enhancement in insulin signaling
activity. Serine phosphorylation of IRS-1 generally leads to
inhibition of insulin signaling and often serves as an insulin
resistance marker. We examined the IRS-1 serine phosphoryl-
ation with a phospho-specific antibody to Ser-636, which is a
target of S6K1 serine kinase in the human IRS-1 (Ser-632 in the
mouse IRS-1) (21, 28). In p50-KOmice, IRS-1 serine phospho-
rylation was reduced significantly (Fig. 4A). The reduction was
associated with a 2-fold elevation in IRS-1 protein (Fig. 4B),
suggesting less degradation of the IRS-1 protein. Serine
phosphorylation usually promotes degradation of the IRS-1
protein. IRS-2 protein abundance was also increased in KO
mice (Fig. 4B).
Interestingly, the protein abundance of S6Kwas dramatically

reduced in KO mice (Fig. 4B, S6K). As a major serine kinase in
the negative feedback loop in the insulin signaling pathway,
S6K may contribute to the increased insulin activity through
the reduction in activity. S6kmRNAwas examined, and its level
was increased by 100% in the KOmouse liver (Fig. 4C). Associ-
ation of the increasedmRNAwith the reduced protein suggests
a quick turnover of S6K protein in the liver of p50-KOmice. No

FIGURE 3. Hyperinsulinemic-euglycemic clamp test. The test was conducted in mice at 8 weeks of age. A, blood glucose level in clamp. B, glucose infusion
rate during the course of the clamp. C, hepatic glucose production rate. D, glucose clearance rate. E, glucose uptake in peripheral tissues during the clamp.
Skeletal muscles include soleus, gastrocnemius (Gastro), and superficial vastus lateralis (Vastus L.). Epididymal fat was used. Each data point represents the
mean � S.E. (n � 10). *, p � 0.05.
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change was observed in protein
abundance or phosphorylation in
the insulin receptor (data not
shown). Absence of NF-�B p50 pro-
tein was confirmed in the liver of
KO mice (Fig. 4B). Morphology of
the liver was examined under a
microscope. With hematoxylin and
eosin staining, no difference was
observed in the structure or cell
morphology in the livers of control
and KO mice (Fig. 4D).
Reduced Insulin Sensitivity after

Reconstitution of S6K in Liver—
Given the role of S6K in the regula-
tion of IRS-1 function (21, 27, 28,
33), we hypothesized that loss of
S6K might be responsible for the
increased insulin sensitivity in the
liver of p50-KO mice. To test this
possibility, we restored S6K protein
abundance in the liver of p50-KO
mice by expression of an exogenous
S6k gene. The restoration was com-
pleted by injection of S6k adenovi-
rus into the tail vein. The control
mice were injected with a Gfp ade-
novirus. In this model, the S6K pro-
tein was increased by 2-fold in the
liver of KO mice (Fig. 5A). The
restored level is comparable with
that in the WT liver (Fig. 5B). After
S6K restoration, IRS-1 and IRS-2
proteins were reduced in the liver of
KO mice, reaching levels compara-
ble with those in the WT mice (Fig.
5B). ITT was conducted after S6K
reconstitution to determine insulin
sensitivity. The difference in insulin
sensitivity between the p50-KO and
WT mice became undetectable fol-
lowing restoration of S6K (Fig. 5C).
These data suggest that the decrease
in S6K activity may contribute to
the insulin sensitization in the
p50-KO mice.
S6K Degradation in the Hepato-

cytes of p50-KO Mice—To investi-
gate the mechanism of S6K reduc-
tion, we examined S6K protein in
the primary hepatocytes of p50-KO
mice. In freshly isolated hepato-
cytes, the S6K protein was signifi-
cantly lower in p50-KO mice (Fig.
6A). However, after 24 h in cell cul-
ture, the difference was no longer
detectable, suggesting that S6K deg-
radation was dependent on the

FIGURE 4. Reduction of S6K protein in the liver of p50-KO mice. A, insulin signaling in the liver. The WT and
p50-KO mice were fasted for 4 h before the insulin challenge (0.75 units/kg, intraperitoneal). IRS-1 and Akt
phosphorylation was examined in the liver lysate 15 min after insulin injection. B, protein abundance for
IRS-1/2 and S6K in the liver of p50-KO mice. In panels A and B, quantification results are presented in the bar
figures for each signal in the blots. C, S6K mRNA determined by quantitative RT-PCR in the liver. D, microscope
image of liver tissue. The image of liver tissue with hematoxylin and eosin staining was taken under a micro-
scope with a �40 objective lens. In this figure, Western blot experiments were repeated three times with
consistent results. The representative blots are presented. In the bar figure, each data point represents the
mean � S.E. (n � 6). *, p � 0.05; **, p � 0.001.

FIGURE 5. Reconstitution of S6K in the liver of p50-KO mice. p50�/� mice were injected with S6K adenovirus
or GFP adenovirus at 1 � 109 virus/mouse at the age of 8 weeks. Three days later, ITT was performed to evaluate
insulin sensitivity after 4 h of starvation. The liver was collected after the ITT test and used in examination of the
S6K protein. A, Western blot of S6K in the liver (upper panel). Each lane represents one mouse. The mean value
is presented in the bar figure in the lower panel. B, S6K reconstitution in the liver of p50-KO mice. The S6K
protein was determined in the liver of reconstituted mice in a Western blot. Quantification of each band is
presented in the lower panel. C, ITT after S6K reconstitution. Age- and gender-matched wild type mice were
used in the control. GFP adenovirus (open square) was used as a virus control for S6K adenovirus (filled square).
Data are presented as the mean � S.E. (n � 7). *, p � 0.05; **, p � 0.001.

Regulation of S6K by NF-�B

18372 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 27 • JULY 3, 2009



microenvironment in the liver. In search of the liver-associated
factors, we examined gene expressions and observed an up-reg-
ulation of Tnf-� and Il-6 in mRNA in the p50-KO mice (Fig. 6,
B and C). In the p50-KOmice, expression of the two genes was
7-fold (Tnf-�) and 9-fold (Il-6) higher than that in WT mice,

respectively. The increase was
detected in protein as well in the
liver lysates (Fig. 6D).
The increase in S6kmRNA in the

liver of p50-KO mice (Fig. 4C) sug-
gests that S6K protein reduction
may not be a result of inhibition at
the mRNA level. In an early study,
we observed that TNF-� was able to
induce serine phosphorylation of
S6K (34). Protein degradation is
commonly observed after serine
phosphorylation. It is possible that
serine modification is involved in
control of S6K1 protein stability. To
test this possibility, we examined
S6K1 degradation in primary hepa-
tocytes after TNF-� treatment. A
reduction in the S6K protein was
observed in the cells of p50-KO
mice, but not in those of the WT
mice (Fig. 6E). When IL-6 was
tested in the same system, no
change was observed in the S6K
protein. These data suggest that
TNF-� is a key factor in the liver for
the S6K reduction. The TNF-in-
duced S6K degradation was blocked
by the proteasome inhibitorMG132
(Fig. 6F), suggesting that protea-
some activity is required for S6K
degradation. This group of data sug-
gests that in the absence p50,
TNF-� may induce degradation of
the S6Kprotein in a proteasome-de-
pendent manner.
Decreased IKK2 Activity in

p50-KO Cells—The above data sug-
gest that TNF-induced degradation
is specific to p50-KO hepatocytes.
In search of the molecular
mechanism, we examined IKK2
activity because IKK2 was reported
to induce S6K phosphorylation
throughmTOR (35). In the p50-KO
liver, IKK2 protein was reduced by
70% in the whole cell lysate as
shown by a Western blot (Fig. 7A).
In the IKK complex, the IKK2 activ-
ity is usually controlled by IKK�
(NEMO). IKK� was also reduced in
p50-KO cells. Interestingly, IKK1
(IKK�) and I�B� protein abun-

dance was increased more than 50% in p50-KO cells (Fig. 7A).
The increase in the I�B� protein was consistent with elevated
mRNA levels of I�B� (Fig. 7B), suggesting a constant elevation
of transcriptional activity of NF-�B p65. To determine the sig-
naling activity of IKK2 in p50-KO cells, I�B� degradation was

FIGURE 6. S6K degradation induced by TNF-�. In this study, 6-week-old mice were used. A, S6K protein in
primary hepatocytes. The S6K was examined in fresh and cultured (24 h) hepatocytes of WT and p50-KO mice
in a Western blot. B, TNF-� mRNA in liver. C, IL-6 mRNA in liver. D, cytokine proteins in the liver. The proteins
were determined in the whole cell lysate of liver tissue by enzyme-linked immunosorbent assay. E, S6K degra-
dation in the hepatocytes. The S6K protein was examined in primary hepatocytes after TNF-� (10 ng/ml) or IL-6
(10 ng/ml) treatments for 4 h. F, inhibition of S6K degradation by the proteasome inhibitor. S6K degradation
was induced by TNF-� in the hepatocytes of p50-KO mice. The cells were pretreated with MG132 (15 �M) for 30
min to inhibit the proteasome. The Western blot experiments were repeated three times with consistent
results. Representative blots are presented. In the bar figure, data are presented as the mean � S.E. (n � 6). *,
p � 0.05.

FIGURE 7. IKK2 controls S6K degradation in response to TNF-�. A, signaling proteins in the NF-�B pathway.
The Western blot was conducted with liver lysates of five p50-KO mice and five control mice. The results are
consistent among mice in each group. A representative blot with one mouse in each group is shown. B, I�b�
mRNA in liver. The result represents the mean � S.E. (n � 5). C, IKK2 deficiency. IKK2 phosphorylation and I�B�
degradation were examined in primary hepatocytes treated with TNF-� (10 ng/ml) for 15 min. D, S6K degra-
dation in Ikk2�/� cells. The MEF cells were treated with TNF-� (10 ng/ml) in serum-free medium for the times
indicated. E, inhibition of S6K degradation by the proteasome inhibitor in Ikk2-KO cells. MG132 (15 �M) was
added into the medium at 30 min before the 4-h treatment with TNF-�. F, mTOR in S6K activation by TNF-�.
HepG2 cells were pretreated with the mTOR inhibitor rapamycin (Rap, 200 nM) or the IKK2 inhibitor 15dPGJ2
(15d, 5 �M) followed by TNF-� treatment. pS6K (Thr-389) and pIRS-1 (Ser-636) were examined in a Western blot.
The Western blot experiments were repeated three times with consistent results. Representative blots are
presented. *, p � 0.05 by Student’s t test (n � 5).
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examined in primary hepatocytes. I�B� is a substrate of IKK2,
and its degradation depends on IKK2-mediated phosphoryla-
tion. The degradation was induced by TNF-� in WT cells, but
not in p50-KO cells (Fig. 7C). These data suggest that IKK2
activity is deficient in the KO cells.
Association of IKK2 deficiency with S6K reduction led us to

test the role of IKK2 in the control of S6K degradation. Ikk2�/�

MEFcells were used in this study. In theWTMEFs, S6Kprotein
was not changed by TNF-� treatment. In Ikk2 null cells, S6K
degradation was induced by TNF-� (Fig. 7D). The degradation
was time-dependent. At 4 h into the TNF-� treatment, 90% of
S6Kprotein disappeared in the Ikk2�/�MEFs. The degradation
was completely inhibited by the proteasome inhibitor MG132
(Fig. 7E), but not influenced by inhibitors to JNK (SP600125),
mTOR (rapamycin), or IKK2 (15dPGJ2) (data not shown). This
group of data suggests a role of IKK2 in control of the stability of
the S6K protein.
mTORControls S6K Degradation—It was reported that both

mTOR and IKK2 are required for S6K serine phosphorylation
in response to TNF-� (35). If this pathway is deficient in
p50-KO mice, the phosphorylation of S6K by mTOR will be
reduced. Such reduction may lead to S6K protein degradation.
To test this possibility, we examined S6K degradation after
inhibition of mTOR or IKK2. Rapamycin was used to block
mTOR activity in HepG2 cells. As expected, rapamycin
reduced S6K phosphorylation at Thr-389 and IRS-1 phospho-
rylation at Ser-636 (Fig. 7F). IRS-1 is a substrate of S6K1.When
IKK2 was inhibited by 15PdGJ2, a similar inhibition was
observed in S6K activity (Fig. 7F). In these conditions, S6K
protein was reduced in TNF-treated cells (Fig. 7F). In the
absence of mTOR or IKK2 inhibition, S6K protein was
increased by TNF-�. These data suggest that TNF-� induces
S6K activation through the IKK2/mTOR pathway. This
pathway may protect S6K from degradation.

DISCUSSION

The metabolic phenotype of p50-KO mice is characterized
by an increase in hepatic insulin sensitivity. The increase in
insulin sensitivity is supported by the reduction in fasting insu-
lin and enhancement in insulin tolerance. The results from the
hyperinsulinemic-euglycemic clamp suggest that the liver con-
tributes to an increase in the glucose infusion rate in p50-KO
mice. The clamp study suggests that the peripheral tissues may
not contribute to insulin sensitivity because glucose uptake was
not significantly changed in skeletal muscles and fat tissues.
Additionally, p50-KOmice are lean and protected against diet-
induced obesity. The mechanism of the lean phenotype may be
related to the increase in energy expenditure in the KO mice.
The cellular and molecular mechanisms were investigated

for insulin sensitivity in the liver. The result suggests that IKK2
activity is reduced in the p50-KO liver. This was observed with
elevated expression of NF-�B target genes (Tnf-�, I�B�, and
Il-6), suggesting an elevation of the transcriptional activity of
NF-�B p65. This is not surprising as p50 inhibits p65 activity in
transcriptional activation of target genes (36, 37). IKK2 inhibi-
tionmay be a result of negative feedback in theNF-�B pathway.
Although p50-KO mice have been used in a variety of studies
(10–16), the IKK2 activity was not examined in those studies.

We believe that expression of NF-�B target genes, such as A20
(38, 39) and Cyld (40), whose products are two cytoplasmic
proteins (40, 41), may contribute to IKK2 inhibition. A20 and
CYLD act through modification of ubiquitination. A20 is able
to inactivate IKK� in the IKK complex through deubiquitina-
tion (42). We observed that the IKK� protein was reduced
together with IKK2 in the liver of p50-KO mice.
The current study enriches the concept about inflammation

in regulation of insulin sensitivity. In the inflammation signal-
ing pathway, IKK2 activity contributes to the development of
insulin resistance in the liver (4, 43). In transgenic mice, over-
expression of IKK2 decreased insulin sensitivity (4), and knock-
out of IKK2 protected mice from insulin resistance (43). IKK2
deficiency from Ikk� knock-out also enhanced insulin sensitiv-
ity in mice (44). These studies suggest that in the absence of
IKK2 activity, inflammation will not be able to induce insulin
resistance. However, it was not tested if insulin sensitivity is
enhanced over the control when IKK2 is inhibited. In the cur-
rent study, our data suggest that inflammation enhances insulin
sensitivity when IKK2 is deficient in the liver.
The current study suggests a new role of IKK2 in regulation

of S6K activity. IKK2 was reported to induce S6K phosphoryl-
ation through mTOR (35). The report provides a link between
IKK2 and S6K in the TNF-� signaling pathway. However, it is
not clear if IKK2-induced phosphorylation controls stability of
the S6K protein. Our data suggest that IKK2-mediated S6K
phosphorylation acts to stabilize the protein in the physiologi-
cal condition. In the absence of IKK2 activity, the S6K protein
will be degraded in response to TNF-�. This was observed in
p50-KO hepatocytes, Ikk2 null cells, and cells treated with the
IKK2 inhibitor.With normal activity, IKK2 should protect S6K
from degradation in wild type cells.
Hepatic S6K represents a new target for insulin sensitization.

In the molecular mechanism of insulin signaling, TNF-� acti-
vates multiple serine kinases including IKK2, JNK, and S6K (1,
34). Signal integration of these serine kinases remains to be
investigated. The current study suggests that signals of IKK2
and S6K are integrated in the TNF-� signaling pathway. S6K
inhibits insulin sensitivity by phosphorylation of IRS-1 proteins
at several serine residues (21, 27, 28, 33). In the liver of p50-KO
mice, IRS-1 phosphorylation was enhanced at Tyr-632 and
reduced at Ser-636. These changes were associated with the
increase in IRS-1/IRS-2 proteins and elevated phosphorylation
of Akt (Thr-308 and Ser-473). This pattern of changes provides
a molecular mechanism of insulin sensitization in the liver of
KO mice. Restoration of S6K activity by the S6K adenovirus
reversed insulin sensitivity in KOmice. The data suggest a crit-
ical role of S6K in the liver. It is expected that inhibition of the
hepatic S6K by a pharmacological agent should improve insulin
sensitivity.
The proteasome-mediated degradation of S6K may repre-

sent a new level of S6K regulation. In the PI3K/Akt/mTOR
pathway, S6K activity is regulated by serine phosphorylation
from the mTOR kinase. In p50-KOmice, phosphorylation cat-
alyzed by the IKK2/mTOR pathway may not lead to S6K deg-
radation. The association of deficiency in this pathway with
S6K degradation suggests that mTOR may protect S6K from
degradation. Regulation of S6K protein by degradation is
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largely unknown. Two recent studies suggest that a recombi-
nant S6K protein can be ubiquitinated and degraded in a
proteasome-dependent manner (45, 46). However, the full-
length S6K protein was not used in the studies. It is not clear if
the full-length S6K protein is subject to the degradation. Addi-
tionally, it is not clear under what biological conditions the S6K
degradation occurs. We found that full-length S6K was
degraded in response to TNF-� in the p50-KO hepatocytes.

In the current study, TNF-� was shown to induce degrada-
tion of endogenous S6K in the p50-KO cells. Absence of IKK2
activation is required for TNF activity, suggesting that mTOR
activation by IKK2 may protect S6K protein from degradation
induced by TNF-�. The S6K reduction was detected in the
freshly isolated hepatocytes, but not in cultured primary hepa-
tocytes. This conditional degradation might be related to dilu-
tion of TNF-� by the culture medium or loss of Kupffer cells,
which are macrophage-like cells in the liver with a strong
potential in TNF-� production. In the cultured primary hepa-
tocytes, addition of exogenous TNF-� led to degradation of the
S6K protein in p50-KO cells, but not in WT cells.

The current study was based on comparison of p50-KOmice
with wild typemice. Compensation of gene deficiency is a com-
mon biological response to gene knock-out in animal models.
In some cases, the compensation may lead to an unpredictable
phenotype. The current study presents a unique phenotype in
p50-KO mice. Compensation for absence of the p50 gene may
contribute to the phenotype. In the human body, the complete
loss of p50 function may not occur. Such a phenotype may not
apply to humans. However, the study suggests that hepatic S6K
may be a drug target in the treatment of insulin resistance.
In summary, themetabolic phenotypes andmolecularmech-

anisms have been studied in the p50-KO mice with a focus on
insulin sensitivity. Based on the findings, we proposed amolec-
ularmechanismof insulin sensitivity in thep50-KOmice. In the
absence of NF-�B p50, S6K inhibition leads to insulin sensiti-
zation by increasing the IRS-1 and IRS-2 activities in the liver. The
S6K inhibition is from theS6Kproteindegradation that is induced
by TNF-�, whose expression is increased in the liver through the
elevated transcriptional activity of NF-�B p65. TNF-induced S6K
degradation is dependent on reduction in the IKK2 activity,
which is decreased in the liver probably through a negative
feedback from the enhanced activity of NF-�B p65. The data
suggest that hepatic S6K is a potential target in the treatment of
insulin resistance.
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