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Switch of glycolysis to gluconeogenesis by
dexamethasone for treatment of hepatocarcinoma
Ruihua Ma1,*, Wanguang Zhang2,*, Ke Tang3,*, Huafeng Zhang1, Yi Zhang1, Dapeng Li1, Yong Li1,
Pingwei Xu1, Shunqun Luo1, Wenqian Cai1, Tiantian Ji1, Foad Katirai1, Duyun Ye3 & Bo Huang1,4

Gluconeogenesis is a fundamental feature of hepatocytes. Whether this gluconeogenic
activity is also present in malignant hepatocytes remains unexplored. A better understanding
of this biological process may lead to novel therapeutic strategies. Here we show that
gluconeogenesis is not present in mouse or human malignant hepatocytes. We ﬁnd that
two critical enzymes 11b-HSD1 and 11b-HSD2 that regulate glucocorticoid activities are
expressed inversely in malignant hepatocytes, resulting in the inactivation of endogenous
glucocorticoids and the loss of gluconeogenesis. In patients’ hepatocarcinoma, the expression
of 11b-HSD1 and 11b-HSD2 is closely linked to prognosis and survival. Dexamethasone, an
active form of synthesized glucocorticoids, is capable of restoring gluconeogenesis
in malignant cells by bypassing the abnormal regulation of 11b-HSD enzymes, leading to
therapeutic efﬁcacy against hepatocarcinoma. These ﬁndings clarify the molecular basis of
malignant hepatocyte loss of gluconeogenesis and suggest new therapeutic strategies.
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D

uring a period of fasting, when dietary carbohydrates
are unavailable, glucose is generated via gluconeogenesis
in the liver to ensure a continuous supply of glucose
to vital organs1–3. Although most steps in gluconeogenesis are
the reverse of those found in glycolysis, in three speciﬁc steps
unique enzymes are used either to bypass a thermodynamically
unfavourable step or to avoid uncontrolled futile cycling.
These enzymes in gluconeogenesis, namely phosphoenolpyruvate carboxykinase (PEPCK), fructose-1,6-bisphosphatase
and glucose-6-phosphatase (G6Pase), convert oxaloacetate to
phosphoenolpyruvate, fructose 1,6-bisphosphate to fructose
6-phosphate and glucose-6-phosphate to glucose, respectively,
leading to an effective reversal of glycolysis4–6. Recently, metabolism of glucose by cancer cells has been intensively studied and
targeting tumour metabolism is highlighted as a potential strategy
against cancer7–10. However, how and whether gluconeogenesis
affects tumour metabolism remains unclear.
The phenomenon of enhanced aerobic glycolysis, ﬁrst observed
by Otto Warburg, is recognized as a hallmark of malignant
cancer11–14. This glycolytic phenotype provides a constant
supply of metabolic intermediates essential for macromolecule
biosynthesis and is necessary for tumour cell growth15. The
switch from oxidative phosphorylation to glycolysis is frequently
observed in cancer cells and linked to tumour growth and
invasion16–18. However, whether reversing this glycolytic phenotype via gluconeogenesis is beneﬁcial to tumour suppression
remains elusive. Furthermore, although normal liver cells
continually produce glucose via gluconeogenesis, whether and
how those transformed hepatocytes escape the inhibitory effect of
gluconeogenesis on glycolysis19–21 remains unclear.
Glucocorticoids (GCs) have a pivotal role in gluconeogenesis in
multiple ways5,22. To maintain homeostasis within the body, GCs
have to be precisely regulated in different tissues. Besides
receptor-based regulation23, prereceptor metabolic regulation
by dehydrogenase enzymes is also extremely important24–26.
11b-hydroxysteroid dehydrogenase type 1 (11b-HSD1) intracellularly converts inert cortisone in human or dehydrocorticosterone in rodents into the active form, cortisol or corticosterone.
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Loss of gluconeogenesis in murine hepatocarcinoma. When we
used the murine hepatocarcinoma tumour cell line H22 to generate hepatocarcinoma, the expression of PEPCK and G6Pase was
found to be strikingly decreased and was unaffected by fasting, as
shown by both reverse transcriptase–PCR and western blot
(Fig. 1a,b). Moreover, the deﬁciencies of these two enzymes in
fasting tumour tissues were conﬁrmed by immunohistochemical
staining (Fig. 1c). In contrast to gluconeogenesis, H22 hepatocarcinoma generated much more lactate, compared with normal
liver tissue (Fig. 1d), suggesting the loss of gluconeogenesis and
enhancement of glycolysis in malignant hepatocytes.
Abnormal 11b-HSDs explain the loss of gluconeogenesis. GCs
strongly promote hepatocyte gluconeogenesis27. We found that
the prototypic receptor GRa that mediates GC signalling was
properly expressed by both hepatocarcinoma and normal liver
tissues (Fig. 2a), suggesting that GC receptor (GR) might not be
the reason for hepatocarcinoma losing its sensitivity to endogenous GC for gluconeogenesis. 11b-HSD1 and 11b-HSD2 are
two critical enzymes that regulate the activity of GC24–26. In mice,
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By contrast, 11b-HSD2 catalyses 11-hydroxy cortisol to the inert
11-keto form cortisone. To date, it remains unclear whether
11b-HSD1 and11b-HSD2 are involved in the abnormal glucose
metabolism in hepatocarcinoma.
In this study we hypothesized that to maintain a high efﬁcient
ﬂow of glycolysis, hepatocarcinoma employs an altered pathway to escape gluconeogenesis. Our data show that malignant
hepatocytes downregulate the expression of 11b-HSD1 but
upregulate the expression of 11b-HSD2, leading to unresponsiveness to endogenous GCs and subsequent loss of gluconeogenesis. However, such loss of gluconeogenesis can be restored by the
administration of exogenous dexamethasone (Dex). Thus, this
study reveals a fundamental metabolic change in hepatocarcinoma, leading to a potential new strategy for the treatment of
hepatocarcinoma.
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Figure 1 | Loss of gluconeogenesis in murine hepatocarcinoma. Normal BALB/c mice and H22 hepatocarcinoma-bearing mice were fed or subjected
to 24 h fasting. The expression of PEPCK and G6Pase in normal liver and hepatocarcinoma tissues was analysed by reverse transcriptase–PCR (a, left),
real-time PCR (a, right), western blot (b) and immunohistochemical staining. (c) Hepatocarcinoma and liver tissues were used to analyse the levels
of lactate, scale bar, 20 mm (d). Data shown are representative of three independent experiments and error bars represent means±s.e.m., **Po0.01
(analysis of variance).
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Figure 2 | Abnormal expression of 11b-HSD1 and 11b-HSD2 in mouse hepatocarcinoma. (a) The expression of GR in hepatocarcinoma and normal liver
tissue was detected by reverse transcriptase–PCR (upper) and western blot (bottom). (b) The expression of 11b-HSD1 and 11b-HSD2 in H22
hepatocarcinoma was analysed by reverse transcriptase–PCR (RT–PCR; left) and real-time PCR (right). (c) Immunohistochemical analysis of 11b-HSD1 and
11b-HSD2 in H22 hepatocarcinoma tissue. Scale bar, 20 mm. (d) The expression of 11b-HSD1 and 11b-HSD2 in H22 tumour cells was analysed by
RT–PCR (left) and real-time PCR (right). (e) Upregulation of PEPCK and G6Pase by 11b-HSD1 overexpression and 11b-HSD2 knockdown. H22 cell line with
11b-HSD1 overexpression or 11b-HSD2 knockdown was injected to mice. The expression of PEPCK and G6Pase in hepatocarcinoma tissues was detected
by RT–PCR (left) and real-time PCR (right). Data shown are representative of three independent experiments and error bars represent means±s.e.m.,
*Po0.05, ** Po0.01, *** Po0.001 (analysis of variance).

11b-HSD1 converts inactive dehydroxycorticosterone to active
corticosterone, whereas 11b-HSD2 converts corticosterone to
dehydroxycorticosterone. Surprisingly, 11b-HSD1 was markedly
downregulated and 11b-HSD2 was markedly upregulated in
hepatocarcinoma tissues compared with that in normal liver
tissues (Fig. 2b). This was further corroborated by immunohistochemical staining (Fig. 2c). In addition, primary hepatocarcinoma
cells and normal hepatocytes, isolated from tumour-bearing mice,
also showed downregulation of 11b-HSD1 and upregulation of
11b-HSD2 (Fig. 2d). As expected, 11b-HSD1 overexpression or
11b-HSD2 knockdown (Supplementary Fig. S1) both restored
gluconeogenesis by upregulating PEPCK and G6Pase in H22
tumour tissues (Fig. 2e). As a result, the inoculation of engineered
H22 tumour cells in mice resulted in the inhibition of tumour
growth and the corresponding prolonged survival of the mice
(Fig. 3a–d). Moreover, a Tet-OFF system to control 11b-HSD1
expression in H22 cells was used in mice. The result showed that
the induced expression of 11b-HSD1 by doxycycline-free water
decreased the tumour growth signiﬁcantly (Supplementary
Fig. S2). These data together suggest that the abnormal expression of 11b-HSD1 and 11b-HSD2 results in the insensitiveness of
hepatocarcinoma tumour cells to endogenous GCs and the
rebalancing of 11b-HSD1/11b-HSD2 may generate antitumour
consequences.
Gluconeogenesis is deﬁcient in human hepatocarcinoma. To
translate the above ﬁndings into a clinical setting, hepatocarcinoma tissues from patients were surgically obtained. Both the
transcripts and proteins of PEPCK and G6Pase were strikingly
lower in the tumour tissues but much higher in the peritumoural
liver tissues, as shown by real-time PCR and immunohistochemical staining (Fig. 4a,b). In line with these results, it was
clear that 11b-HSD1 was downregulated but 11b-HSD2 was

upregulated in hepatocarcinoma tissues (Fig. 4c,d). The methylation analysis of the 11b-HSD1 promoter (n ¼ 10) also indicated
signiﬁcant higher methylation levels (CpG-934, CpG-927, CpG810, CpG-754, CpG-222, CpG-95 and CpG-69) compared with
the peritumoural liver tissues (Fig. 5a,b). This could be one
explanation for the downregulation of 11b-HSD1. The methylation analysis of 11b-HSD2 did not show CpG methylation
(Fig. 5c,d), suggesting other pathway(s) regulate the expression of
11b-HSD2.
11b-HSD1/2 ratio inﬂuences patient survival. To further clarify
the exact situation of 11b-HSD1/11b-HSD2 in hepatocarcinoma
patients, 58 human hepatocarcinoma specimens were analysed by
immunohistochemistry and the relative expression of 11b-HSD1
and 11b-HSD2 was quantiﬁed, which revealed the inverse
expression of 11b-HSD1 and 11b-HSD2 in hepatocarcinoma
relative to normal liver tissue (Fig. 6a). The ratio of 11b-HSD1/
11b-HSD2 was calculated and the patients’ samples were split
into two classes (high and low) according to the median value in
the set of 58 samples. Kaplan–Meier survival analyses showed
that patients with a high ratio had a signiﬁcant longer survival
time and lesser recurrence than those with a low ratio (Fig. 6b,c).
In addition, when the high and low ratios were compared,
signiﬁcant differences were found (Fig. 6d). Moreover, the
11b-HSD1/11b-HSD2 ratio was found to be uncorrelated with
sex or age (Supplementary Table S1). In addition, we did not
ﬁnd that plasma GC levels were altered in hepatocarcinoma
patients compared with that in portal hypertension patients
without hepatocarcinoma or normal donors (Fig. 6e). These
data suggest that the change in 11b-HSD1/11b-HSD2 profoundly inﬂuences the malignancy of patients and, probably, is a
useful prognostic marker for the outcome of patients with
hepatocarcinoma.
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Figure 3 | Inhibition of H22 tumour growth by 11b-HSD1 overexpression or 11b-HSD2 knockdown. H22 cell line with 11b-HSD1 overexpression or
11b-HSD2 knockdown was s.c. injected to mice (n ¼ 6 per group). (a,b) The tumour growth was analysed by analysis of variance (*Po0.05). (c,d) The
long-term survival of mice was analysed by Kaplan–Meier analysis. Data shown are representative of three reproducible experiments. The error bars
represent means±s.e.m.

Dex restores gluconeogenesis in murine hepatocarcinoma. All
the above data hinge around one key point. Could an agent be
found to bypass the abnormal regulation of 11b-HSD1/11bHSD2 and thereby lead to reversal of tumour growth? Dex, a
prehydroxylated, synthetic, active form of GC was tested
here. The mice were subcutaneously (s.c.) injected with 3  105
H22 cells for 4 days, and then treated with intraperitoneal
(i.p.) injection of different concentrations of Dex (1.25, 2.5
and 5 mg g  1) or saline once per day for 16 days. As shown in
Fig. 7a–c, Dex treatment resulted in an increase in PEPCK and
G6Pase expression, and tissue glucose levels in all mice compared
with saline controls. In line with these in vivo results, the in vitro
Dex-treated H22 tumour cells also showed an upregulation of
PEPCK and G6Pase expression at 1 and 10 mM (Fig. 7d,e).
Consistently, the levels of intracellular glucose were also found to
be increased (Fig. 7f). Besides PEPCK and G6Pase, FBP1, an
enzyme catalysing the hydrolysis of fructose 1,6-bisphosphate to
fructose 6-phosphate, was also increased after Dex treatment;
however, peroxisome proliferator-activated receptor coactivator
1a (PGC1a), a transcriptional coactivator that regulates the
genes involved in glucose metabolism, was not found to be
altered (Supplementary Fig. S3). To support the above data,
5-aza-20 -deoxycytidine, a methylation inhibitor, was used to
inhibit highly methylated 11b-HSD1. We found that the addition
of 5-aza-20 -deoxycytidine resulted in the upregulation of 11bHSD1 expression, as well as PEPCK and G6Pase expression,
in H22 tumour cells (Supplementary Fig. S4a). As a result, the
levels of intracellular glucose were also increased (Supplementary
Fig. S4b).
Dex is a potential agent to treat hepatocarcinoma. We then
examined the antitumour effects of Dex-induced gluconeogenesis
restoration. Mice were s.c. injected with 3  105 H22 cells
for 4 days and then treated with i.p. injection of different
4

concentrations of Dex or saline once per day for 16 days. Dex
treatment, monitored from day 8, showed signiﬁcant inhibition of
ectopic H22 tumour growth (Fig. 8a). However, the withdrawal of
Dex from day 11 resulted in a rebound tumour growth (Fig. 8b).
Orthotopic H22 tumour growth was also inhibited by Dex
(Fig. 8c,d), which excluded the possible inﬂuence of different
inoculation sites on the results. Nevertheless, when 3  105 nonliver-derived B16 melanoma tumour cells were tested by s.c.
injected into C57BL/6 mice for 4 days and then treated with
different concentrations of Dex, Dex did not signiﬁcantly suppress tumour growth and only produced marginal effects
(Fig. 8e). This suggests a relative selectivity of Dex for hepatocarcinoma but not non-liver cancers. To support this, the
downregulation of the 11b-HSD1 expression was only found in
H22 tumour cells but not in B16, EL4 lymphoma or 4T1 breast
tumour cells (Supplementary Fig. S5). In addition, in vitro, we
found that Dex appeared not to affect H22 cell proliferation but
induced H22 cell apoptosis (Supplementary Fig. S6).
To conﬁrm that the antitumour effect of Dex is dependent on
the gluconeogenetic pathway, we ﬁrst inoculated mice with
G6Pase and PEPCK-overexpressing H22 tumour cells, and found
that the overexpression of either PEPCK or G6Pase resulted in
the inhibition of tumour growth (Supplementary Fig. S7). We
further used small interfering RNA (siRNA) technology to knock
down PEPCK in combination with Dex treatment in a peritoneal
H22 tumour model. Tumour cells (1  105 H22) were i.p. injected
into mice, and 2 days later mice were treated with 2.5 mg g  1
Dex. At the same time, the chemically modiﬁed 20 -O-methyl,
50 -cholesterol siRNA against PEPCK and scrambled siRNA
(10 nmol in 0.2 ml saline buffer) were also i.p. injected to the
mice, respectively. Compared with the scrambled siRNA group,
the knockdown of PEPCK signiﬁcantly promoted tumour ascites
formation (Fig. 8f). In addition, 3-mercaptopicolinic acid (3MPA), a PEPCK-selective inhibitor28, was also studied and it was
found that the intragastric administration of 3-MPA effectively
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Figure 4 | Gluconeogenesis is deﬁcient in clinical hepatocarcinoma. (a) The expression of PEPCK and G6Pase in patients’ hepatocarcinoma tissues (n ¼ 6)
was analysed by real-time PCR. Data shown are representative of three independent experiments and error bars represent means±s.e.m., ***Po0.001
(analysis of variance (ANOVA)). (b) Immunohistochemical analysis of PEPCK and G6Pase in patients’ hepatocarcinoma tissues. Scale bars, 50 mm. Data
are representative of six independent experiments. (c) The expression of 11b-HSD1 and 11b-HSD2 in patients’ hepatocarcinoma tissues (n ¼ 6) was analysed
by real-time PCR. Data shown are representative of three independent experiments and error bars represent means±s.e.m., *Po0.05, ***Po0.001
(ANOVA). (d) Immunohistochemical analysis of 11b-HSD1 and 11b-HSD2 in patients’ hepatocarcinoma tissues. Scale bars, 50 mm. Data are representative
of six independent experiments.

counteracted the inhibitory effects of Dex on H22 tumour
(Fig. 8g). To further verify Dex as a potential agent in the
treatment of hepatocarcinoma, prednisone, a dehydrogenated
inactive form of GCs, was additionally tested in H22 tumour cells
in vitro and H22 tumour-bearing mice in vivo. Unlike Dex and its
efﬁcacy, prednisone did not show the upregulation of PEPCK and
G6Pase (Fig. 8h), and an antitumour effect (Fig. 8i).
Dex attenuates dimethylnitrosamine-induced hepatocarcinogenesis in mice. Fifteen-day-old BALB/c mice were i.p. injected
with dimethylnitrosamine (DMN) twice: 25 mg kg  1 DMN on
the ﬁrst week and 10 mg kg  1 on the third week. DMN-treated
mice were treated with 0 or 2.5 mg g  1 Dex once per day on the
third and ﬁfth weeks, respectively. On the sixth week, mice were
killed and their livers were analysed by haematoxylin and eosin
staining. The result showed that DMN administration resulted in
inﬂammatory inﬁltrates, increased local cytoplasmic volume,
enlarged nuclear hyperchromasia and marked atypia; however, a
relative normal liver histology was observed in the Dex group
(Supplementary Fig. S8). In a parallel experiment, the above Dextreated DMN mice were further treated with Dex on the 7th, 9th
and 11th week. On the 12th week, mice were killed and their
livers were analysed. Seventy-ﬁve per cent mice (n ¼ 8) with
hepatocarcinoma was found in the DMN group, but only 12.5%
mice (n ¼ 8) was found in the Dex group.

Dex affects tumour glycolysis by regulating LDHA and
GPD1. Finally, the molecular basis of Dex affecting the glucose
metabolism of hepatocarcinoma was further investigated.
We ﬁrst measured the glucose metabolism by using positron
emission tomography (PET) technology. Mice were s.c. injected
with 3  105 H22 cells. Four days later, the mice were treated
with different concentrations of Dex once per day for 7 days.
The glucose metabolism in mice was determined by 18F-ﬂuorodeoxyglucose (18F-FDG) PET. It was found that compared
with the control, Dex treatment resulted in a decreased FDG
PET signal in tumours (Supplementary Fig. S9), suggesting that
Dex inhibits the use of glucose by hepatocarcinoma cells.
A panel of metabolism-related genes in tumour tissues was
analysed by reverse transcriptase–PCR, including hexokinase 2,
phosphofructokinase 1, pyruvate kinase M2 and lactate dehydrogenase A (LDHA) for the glycolysis pathway; pyruvate
dehydrogenase a1, citrate synthase and succinate dehydrogenase
for tricarboxylic acid cycle; ATP citrate lyase, acetyl-CoA
carboxylase and 3-hydroxy-3-methylglutaryl-CoA reductase for
fatty acid and cholesterol biosynthesis; glucose-6-phosphate
dehydrogenase for pentose–phosphate pathway; and glycerol-3phosphate dehydrogenase 1 (GPD1) for glyceroneogenesis.
Most genes tested did not show differential expression;
however, LDHA and GPD1 were downregulated after Dex
treatment (Fig. 9a–d). To clarify whether the effects of Dex
on glycolysis is mediated through a GR-dependent pathway,
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(n ¼ 12) was used to determine the levels of GCs with a kit. In the box and whisker plots, the box contains 50% of the data. Twenty-ﬁve per cent of the data
are greater than the top of the box and 25% of the data are less than the bottom of the box. The line in the box represents the median.
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Figure 7 | Dex upregulates gluconeogenesis in vivo and in vitro. BALB/c mice were s.c. inoculated with H22 cells and i.p. treated with 0, 1.25, 2.5 or
5 mg g  1 Dex. The expression of PEPCK and G6Pase in hepatocarcinomas was analysed by reverse transcriptase–PCR (RT–PCR; a, left) and real-time
PCR (a, right), or analysed by western blot (b). Meanwhile, 10 mg murine hepatocarcinomas tissues were lysed in 100 ml lysate and the concentration of
glucose in the solution was measured (c). H22 cells were treated with 0, 0.1, 1 or 10 mM Dex for 7 days. The expression of PEPCK and G6Pase was
determined by RT–PCR (d, left), real-time PCR (d, right) and western blot (e). Treated H22 cells (106) were lysed in 2 ml H2O and the concentration of
glucose in the solution was measured (f). Data shown are representative of three independent experiments and error bars represent means±s.e.m.,
*Po0.05, **Po0.01 (analysis of variance).

we constructed GRa knockdown H22 cells (Supplementary
Fig. S10) and found that the knockdown of GRa resulted in
Dex losing its effect on the expression of PEPCK, FBP1,
G6Pase, or LDHA and GPD1, as well as the alteration of
intracellular glucose levels in H22 tumour cells (Supplementary
Fig. S10). These data suggest that Dex employs GR-dependent
pathway to regulate the glucose metabolism of hepatocarcinoma cells.
Discussion
A distinctive feature of hepatocarcinoma relative to other tumour
types may be its unique metabolism, considering the inherent
metabolic functions of hepatocytes. Understanding those unusual
metabolic pathways may open doors to new therapeutic strategies
against hepatocarcinoma. This study shows that the loss of
gluconeogenesis is an important event for the altered metabolism
in hepatocarcinoma, which may be partially due to alteration in
the two enzymes, 11b-HSD1 and 11b-HSD2.
11b-HSD1 is an NADPH-dependent enzyme highly expressed
in key metabolic tissues, including the liver, adipose tissue and the
central nervous system, where it reduces inactive forms of GCs to
active ones, subsequently leading to activating the receptors
involved24–26. By contrast, 11b-HSD2 is an NAD þ -dependent
enzyme expressed in aldosterone-selective epithelial tissues
such as the kidney, colon and sweat glands, where it inactivates
GCs24–26. In this study, the downregulation of 11b-HSD1 and
upregulation of 11b-HSD2 were both found to be signiﬁcant in
hepatocarcinoma. Of the 58 patients with hepatocarcinoma that
were analysed, there was a very clear inverse association between
11b-HSD1 and 11b-HSD2, which can serve as markers for
the prognosis of the cancer. This inverse relationship between
11b-HSD1 and 11b-HSD2 in malignant hepatocytes implicates
that during the transformation, hepatic cells choose 11b-HSD1
and 11b-HSD2 to remodel or reconstruct new metabolic
networks. In line with these data, public databases, such as
Oncomine29 and Oncogenomic Database30, show the signiﬁcant

decrease of 11b-HSD1 messenger RNA expression in hepatocarcinoma31–33. However, a key issue is the mechanism through
which transformed hepatocytes target 11b-HSD1 and 11b-HSD2
to favour the malignancy. Although non-coding RNAs such as
microRNAs are important in regulation, they usually exert their
effect at the post-transcriptional level34. This is not inconsistent
with the present results in which altered transcripts were found.
Recent studies highlight the critical role of epigenetic modiﬁcation of DNA and histones, such as methylation and
acetylation, in the regulation of gene expression35–36. We
indeed found that the promoter region of 11b-HSD1 was
highly methylated but no methylation of 11b-HSD2 was found
in hepatocarcinoma. Besides the epigenetic mechanism, extrinsic
signals, oncogenes and transcription factors may also alter
the expression of 11b-HSD1 and 11b-HSD2. The transcription
factor CCAAT/enhancer-binding protein C/EBP family is a key
mediator of metabolic and inﬂammatory signalling. It has been
reported that dehydroepiandrosterone caused the upregulation
of C/EBP-b but did not affect C/EBP-a, whereas C/EBP-a is
a strong activator of 11b-HSD1, and C/EBP-b acts in an opposite
way and preferentially stimulates 11b-HSD2 expression37.
Notably, dehydroepiandrosterone-mediated stimulation of
11b-HSD2 involves the activation of phosphoinositide 3-kinase
(PI3K)/Akt pathway. Given that the PI3K/Akt pathway is usually
activated in human cancers, including hepatocarcinoma, it is
possible to speculate that extrinsic signals and/or oncogenes may
activate the PI3K/Akt pathway, leading to the upregulation of
C/EBP-b and consequent 11b-HSD2 expression. However, a
deeper study is required to fully elucidate the underlying
molecular basis of this phenomenon.
GCs, possibly the most important class of hormones in our
body, affect perhaps around 5% of the genome38. One of the
purposes of GCs is to induce glucose synthesis via the gluconeogenesis pathway, which may lead to a common side effect
of high blood glucose levels in treated patients. PEPCK and
G6Pase are two key enzymes that respond to GC signalling
during gluconeogenesis. PEPCK catalyses oxaloacetate to phos-
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Figure 8 | Dex represses H22 hepatocarcinoma. (a) Dex inhibited the growth of ectopic hepatocarcinoma. BALB/c mice were inoculated with H22 cells
into the right ﬂank and treated with 0, 1.25, 2.5 or 5 mg g  1 Dex. The growth of tumour was monitored (n ¼ 6, each group). (b) BALB/c mice were
inoculated with H22 cells and treated with 0 or 2.5 mg g  1 Dex on day 4, once per day for 7 days. On day 11, Dex treatment was withdrawn in half of the
treated mice and the remaining mice were continued with 2.5 mg g  1 Dex treatment. The growth of tumour was monitored (n ¼ 6, each group). (c,d) Dex
inhibited the growth of orthotopic hepatocarcinoma. BALB/c mice liver were inoculated with H22 cells and treated with 0, 1.25, 2.5 or 5 mg g  1 Dex.
The typical size of tumours (c) and tumour weight (d) on day 16 were shown (n ¼ 5, each group). (e) Dex did not affect the growth of B16 melanoma.
C57BL/6 mice were inoculated with B16 cells into the right ﬂank and treated with 0, 1.25, 2.5 and 5 mg g  1 Dex. The growth of tumour was monitored
(n ¼ 6, each group). (f) Knockdown of PEPCK promoted the formation of H22 tumour ascites. H22 tumour cells (1  105) were i.p. injected to mice.
Two days later, mice were treated with 2.5 mg g  1 Dex. At the same time, the chemically modiﬁed 20 -O-methyl, 50 -cholesterol siRNA for PEPCK and
scrambled siRNA (10 nmol in 0.2 ml saline buffer, each) were also i.p. injected to the mice once per 3 days. Ten days later, mice were killed and the ascites
were measured (n ¼ 6, each group). *Po0.001. In the box and whisker plots, the box contains 50% of the data. Twenty ﬁve per cent of the data are greater
than the top of the box and 25% of the data are less than the bottom of the box. The line in the box represents the median. (g) 3-MPA impaired the
inhibitory effect of Dex on H22 hepatocarcinoma. BALB/c mice were inoculated with H22 cells into the right ﬂank and treated with 2.5 mg g  1 Dex or
2.5 mg g  1 Dex þ 30 mg g  1 3-MPA. The growth of tumours was monitored (n ¼ 6, each group). (h,i) Prednisone does not inﬂuence the expression of
PEPCK and G6Pase and tumour growth. H22 tumour cells were treated with 0, 0.1, 1 and 10 mM prednisone for 7 days. The expression of PEPCK
and G6Pase was analysed by reverse transcriptase–PCR (h). Mice were inoculated with H22 cells and treated with 0, 1.25, 2.5 or 5 mg g  1 prednisone. The
tumour growth was monitored (i). Data shown are representative of three independent experiments and error bars represent means±s.e.m., *Po0.05,
**Po0.01 (analysis of variance (ANOVA)).

phoenolpyruvate, whereas G6Pase hydrolyses G6P to glucose. In
this study, the expression of PEPCK and G6Pase was found to be
highly downregulated in both murine and human hepatocarcinoma. These data are consistent with a previous report39,
together suggesting impaired or even loss of gluconeogenesis in
hepatocarcinoma. However, the downregulation of PEPCK
and G6Pase in hepatocarcinoma appears to be regulated by
abnormal 11b-HSD1 and 11b-HSD2, as the forced overexpression of 11b-HSD1 or knockdown of 11b-HSD2 can
independently restore the expression of PEPCK and G6Pase in
8

hepatocarcinoma (Fig. 2). Therefore, our ﬁndings suggest
that the downregulation of 11b-HSD1 and upregulation of 11bHSD2 might generate a profound effect on gluconeogenesis in
malignant hepatocytes via regulating GC activities. Recently,
Lavery et al.40 found that hepatic PEPCK and G6Pase were
expressed in the liver-speciﬁc 11b-HSD1 knockout mice,
implicating that the loss of 11b-HSD1 does not have a
profound effect on gluconeogenesis. However, this discrepancy
might be attributable to a compensatory production of
corticosterone by other tissues and a downregulation of 11b-
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Figure 9 | The expression of LDHA and GPD1 is downregulated by Dex in vivo. Mice (n ¼ 6) were inoculated with H22 tumour cells and treated with 0,
1.25, 2.5 or 5 mg g  1 Dex. A panel of metabolic genes in tumour tissues was analysed by reverse transcriptase–PCR (a). LDHA and GPD1 in tumour tissues
were analysed by real-time PCR (b) and western blot (c). The tumour tissues were also used to analyse the levels of lactate (d). Data shown are
representative of three independent experiments and error bars represent means±s.e.m., *Po0.05 (analysis of variance).

HSD2 by the liver. In fact, the authors detected around 40%
cortisol levels in knockout mice relative to control mice after
cortisone challenge40. In addition, Dex has been reported to
render non-haematological cancer cells more resistant to antitumour drugs41–44. However, clinical evidence for this drug
resistance induction remains unclear. In fact, Dex in combination
with chemotherapeutic drugs has been trialed in the clinic
through hepatic arterial infusion. The results show reduced
toxicity while maintaining an excellent response rate and
survival45,46. In these multidrug clinical trials, Dex possibly
enhances the resistance of tumour cells to one or two drugs, but
increases the sensitivity of tumour cells to other drugs.
Given the intrinsic inactivation of GCs in hepatocarcinoma, we
wondered whether extrinsic means could rescue this defect. In
this study, we found that Dex effectively induced gluoneogenesis
in malignant hepatocytes both in vitro and in vivo by
upregulating PEPCK and G6Pase expression. To dissect the
inﬂuence of restored gluoneogenesis on metabolism of malignant
hepatocytes, we additionally analysed a large number of genes
involved in metabolic pathways from glycolysis to tricarboxylic
acid cycle, to fatty acid and cholesterol biosynthesis, and to
pentose–phosphate pathway and glyceroneogenesis. Two candidate genes, Ldha and glycerol-3-phosphate dehydrogenase
(GPDH), were found to be downregulated after Dex treatment.
LDHA may catalyse the conversion of pyruvate and NADH to
lactate and NAD þ (ref. 47), thus facilitating the carbon ﬂow for
glycolysis, as NAD þ is necessary for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) to catalyse glyceraldehyde 3-phosphate
to 1, 3-bisphosphoglycerate48. On the other hand, GPDH reduces
dihydroxyacetone phosphate into glycerol 3-phosphate and
allows the prompt dephosphorylation of glycerol 3-phosphate
into glycerol, thus having a major role in glyceroneogenesis49.
Importantly, the products glycerol 3-phosphate and glycerol act

as a backbone for lipid biosynthesis50. Therefore, recovering the
sensitivity of malignant hepatocytes to GCs not only results in
gluconeogenesis but also impairs the glycolytic pathway and lipid
biosynthesis. The latter two may be the direct result of recovered
gluconeogenesis, but they may also be a parallel event. There has
been evidence that the transcriptional co-activator, PGC1a, is a
major regulator of PEPCK and G6Pase, and consequently
gluconeogenesis51. Besides that, forkhead transcription factor
FoxO1 also has a critical role in regulating glucose metabolism.
Both PGC1a and FoxO1 can be induced by Dex52. However, this
study did not ﬁnd the regulation of PGC1a by Dex. Thus,
although the molecular regulation of Ldha and GPDH is not
identiﬁed in the present study, whether their expression are
regulated by PGC1a and FoxO1 is worthy of further study.
Potentially important clinical values can be drawn from the
present study, not only in prognosis but also in treatment. Dex,
the synthetic active form of GCs, is much more potent than
synthetic prednisone and endogenous cortisol. This has been
explained by the 11-ketodexamethasone as a human GR agonist53.
Dex is currently used to treat many inﬂammatory and autoimmune disorders, as well as haematological malignancies. In
some patients with hepatocellular carcinoma, Dex is used to
counteract certain side effects of chemotherapy or ameliorate the
patients’ symptoms such as anorexia, nausea and anxiety. This
study goes further in considering the potential applications of Dex
in hepatocellular carcinoma and focuses on direct tumour attack
rather than the use of Dex as a supplementary drug. In fact, the
present study has shown that Dex treatment is efﬁcacious against
hepatocarcinoma, which may be mediated through the
gluconeogenesis pathway, as PEPCK inhibitor may abrogate this
effect. However, the administration of Dex may induce stomach
and duodenum ulceration in hepatocarcinoma patients54.
Recently, we demonstrated that tumour cell-derived micro-
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particles can deliver drugs to tumour cells in vivo without side
effect55. This new delivery technology may be helpful in
overcoming the limitations of Dex in hepatocarcinoma patients.
Currently, the delivery of high-dose Dex by microparticles to treat
murine hepatocarcinoma is under study.
In summary, the data in this study clearly show that the loss of
gluconeogenesis in hepatocarcinoma, by virtue of the downregulation of 11b-HSD1 and upregulation of 11b-HSD2, discloses
a fundamental metabolic change, leading to potential prognostic
markers and treatment strategies against hepatocarcinoma.
Methods
Mice and cell lines. Female BALB/c and C57BL/6 mice, 6- to 8-week-old, were
purchased from the Center of Medical Experimental Animals of Hubei Province
(Wuhan, China) for studies approved by the Animal Care and Use Committee of
Tongji Medical College. Murine hepatocarcinoma H22, melanoma B16, lymphoma
EL4 and breast 4T1 cell lines were purchased from the China Center for Type
Culture Collection (Wuhan, China) and cultured according to the guidelines given.
Patient samples. This study included 58 patients’ samples for immunohistochemical analysis and ten fresh hepatocarcinoma samples for DNA methylation
analysis. The diagnosis of hepatocarcinoma was conﬁrmed with histopathological
method in all cases. The detailed information of 58 patients was described in
Supplementary Table S2. The hepatocarcinoma tissues and their peripheral normal
tissues were obtained from diagnosed patients after informed consent and with
approval of the Clinical Research Ethics Board of the Tongji Medical College.
Recombinant plasmids. Murine 11b-HSD1 complementary DNA was inserted
into eukaryotic expressing vector pIRES2-DsRed-Express2 (Clontech, USA).
Murine PEPCK and G6Pase cDNAs were inserted into eukaryotic expressing
vector pcDNA3.1, respectively. The recombinant vector and mock plasmid were
transfected into H22 hepatocarcinoma cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). The 11b-HSD1, PEPCK and G6Pase-overexpressing subclones were
selected respectively with 320 mg ml  1 G418.
In parallel, chemically synthesized short hairpin RNA oligonucleotides targeting
11b-HSD2, (50 -TAGCACTGCTTATGGACAC-30 ), GRa (50 -GGAAGGTCTGAAG
AGCCAAGA-30 ) or negative control short hairpin RNA oligonucleotides were
annealed and ligated into pGPU6/GFP/Neo plasmid (Genepharma, Shanghai). The
plasmids were transfected into H22 cells with Lipofectamine 2000 and stably
expressing cell line was selected with G418.
Tumour model. H22 or B16 cells (3  105) were s.c. injected into the right ﬂank of
BALB/c or C57BL/6 mice to generate individual tumours. In some cases, 10 ml
of a suspension of 1  107 H22 cells in PBS were directly injected to the liver to
generate the orthotopic liver cancer.
For the treatment, 4 days after tumour cell inoculation mice were i.p. injected
with 0, 1.25, 2.5 or 5 mg g  1 Dex. Subcutaneous tumour growth was monitored
by measuring the length (L) and width (W) of tumours using vernier calipers, and
the volume (V) of the tumour was calculated by formula V ¼ (L  W2)/2. For
orthotopic liver cancer, mice were killed and hepatocarcinomas were separated and
weighed.
Primary hepatocyte isolation. Mouse primary hepatocytes were isolated by insitu collagenase perfusion of the liver and further puriﬁed by a Percoll gradient
centrifugation56. Hepatocytes were resuspended and plated onto collagen-coated
plates at 3  105 cells per well in a six-well plate in William E medium with
5% fetal bovine serum. The non-adhering cells were removed by replacing the
medium after 2 h incubation.
To isolate mouse hepatocarcinoma cells, tumour tissues were cut into small
pieces and digested in 10 ml RPMI-1640 medium containing 500 mg ml  1
hyaluronidase III, 320 mg ml  1 type V collagenase and 5 U ml  1 DNase I for 1.5 h
at 37 °C. The solution was ﬁltered with 200-mesh ﬁlter after grinding with frosted
slides. Single cells were suspended in 10 ml cold Hank’s balanced salt solution
with 0.5% fetal bovine serum and maintained on ice for 5 min. After centrifugation
of 2 min at 500 r.p.m., the spun tumour cells were collected.
Measurement of cellular and tissue glucose. H22 cells or hepatocarcinoma
tissues were collected and washed three times with PBS. After lysis, the lysate was
centrifugated at 14,000 g for 15 min at 4 °C. The supernatant was used for the
glucose measurement by glucose assay kit (GAGO-20, Sigma).
Lactate assay. To measure lactate in tumour tissue, H22 tumour-bearing mice
were killed and the tumour tissues were grinded in ice. After centrifugation at
14,000g for 15 min at 4 °C, lactate in the supernatant was measured by EnzyChrom
lactate assay kit (BioAssay Systems).
10

Semi-quantitative PCR and real-time quantitative PCR. Total RNA extracted
from tissues and cell lines with TRIzol reagent (Invitrogen) was used for
semi-quantitative and real-time quantitative PCR. Total RNA (1 mg) was reversetranscribed into cDNA using the Reverse Transcription System (Promega, USA).
Real-time PCR was performed with a FastStart Universal SYBR Green Master Kit
(Roche, USA) on an ABI 7900 system. mRNA levels was normalized to GAPDH.
The primer sequences were as follows: mouse GAPDH, sense 50 -GTGGAGATTG
TTGCCATCAACG-30 , antisense 50 -CAGTGGATGCAGGGATGATGTTCTG-30 ;
mouse PEPCK, sense 50 -AAGAGCAGAGAGACACAGTG-30 , antisense 50 -CAAG
TTAGTCTTCCCACAGG-30 ; mouse G6Pase, sense 50 -GCCTTCTATGTCCTC
TTTCC-30 , antisense 50 -AGTTTCAGCCACAGCAATGC-30 ; mouse 11b-HSD1,
sense 50 -AACCACATCACTCAGACCTC-30 , antisense 50 -ACCCATCCAGAG
CAAACTTG-30 ; mouse 11b-HSD2, sense 50 -GAGGTGAACTTCTTTGGTGC-30 ,
antisense 50 -TGATGGCATCTACAACTGGG-30 ; mouse Nr3c1 (GR), sense
50 -GTCAAGGTTTCTGCGTCTTC-30 , antisense 50 -AAGGTGCT TTGGTCT
GTGG-30 ; mouse hexokinase 2, sense 50 -TGGGTTTCACCTTCTCGTTC-30 ,
antisense 50 -TTCACCAGGATGAGTCTGAC-30 ; mouse phosphofructokinase 1,
sense 50 -TGGACTGGTCAAGGTGGTTC-30 , antisense 50 -CTGCTGCAGACTGC
TTGATTC-30 ; mouse pyruvate kinase M2, sense 50 -CGCCTGGACATTGACT
CTG-30 , antisense 50 -GAAATTCAGCCGAGCCACATT-30 ; mouse LDHA, sense
50 -TGTCTCCAGCAAAGACTACTGT-30 , antisense 50 -GACTGTACTTGACAA
TGTTGGGA-30 ; mouse pyruvate dehydrogenase a1, sense 50 -AGGACGAAGAGG
AGGTTGTG-30 , antisense 50 -TTTGTAGTAGTCCGTGCTGG-30 ; mouse citrate
synthase, sense 50 -AGGCTAGACTGGTCACACAAT-30 , antisense 50 -AGGACA
GGTAAGGGTCTGAAAG-30 ; mouse succinate dehydrogenase, sense 50 -GAACA
CTCCAAAAACAGACCTGC-30 , antisense 50 -TCCACCACTGGGTATTGA
GTAG-30 ; mouse ATP citrate lyase, sense 50 -CATCATTGGAGGCAGCATTG-30 ,
antisense, 50 -AAGGAGGAAGTTGGCAGTGT-30 ; mouse ACACA, sense 50 -TGAG
GAAGTTGGCTATCCAG-30 , antisense 50 -GCAGGAAGATTGACATCAGC-30 ;
mouse 3-hydroxy-3-methylglutaryl-CoA reductase, sense 50 -CTTCCAGTTCCAG
AACCTAC-30 , antisense 50 -CAGGATTGCCATTCCACGAG-30 ; mouse glucose-6phosphate dehydrogenase, sense 50 -ATGTGGAGAATGAACGGTGG-30 , antisense
50 -CAGCAGTGGTGTGAAGATAC-30 ; and mouse GPD1, sense 50 -ATGGCTGG
CAAGAAAGTCTG-30 , antisense 50 -CGTGCTGAGTGTTGATGATCT-30 . The
full gels are shown in Supplementary Fig. S11.
Western blot. Cell lysates or tissue homogenates and prestained molecular weight
markers were separated by SDS–PAGE, followed by transfer onto nitrocellulose
membranes. The membranes were blocked in TBST (Tris-buffered saline with 0.5%
Triton X-100) containing 5% non-fat milk and probed with speciﬁc anti-PEPCK1
(1:200 dilution, Cayman Chemical), anti-G6Pase-a (1:500 dilution, Santa Cruz),
anti-GRa (1:1,000 dilution, Cell Signaling Technology), anti-LDH (1:100,000
dilution, Abcam), anti-GPD1 (1:200 dilution, Santa Cruz), anti-11b-HSD1 (1:200
dilution, Cayman Chemical) or anti-11b-HSD2 antibody (1:200 dilution, Cayman
Chemical) overnight at 4 °C. The membranes were washed three times and incubated with horseradish peroxidase-conjugated secondary antibodies. The immunoreactivity was visualized by enhanced chemiluminescence according to the
manufacturer’s protocol (ECL kit, Thermo Scientiﬁc). The full blots are shown in
Supplementary Fig. S11.
Immunohistochemistry. Tissues were ﬁxed in 4% paraformaldehyde in 0.2 M
phosphate buffer (pH 7.4) for 48 h, followed by embedding into parafﬁn sections
(4 mm). The endogenous peroxidase activity was inactivated in a solution containing 3% hydrogen peroxide (H2O2) in methanol. Then, the sections were
blocked for 2 h at room temperature with 1.5% blocking serum. Sections were
incubated with anti-PEPCK (1:200, Cayman Chemical), anti-G6Pase (1: 400, Santa
Cruz), anti-11b-HSD1 (1:200, Cayman Chemical) or anti-11b-HSD2 (1:200,
Cayman Chemical) antibody overnight at 4 °C. Labelled horseradish peroxidase
was applied for 30 min at room temperature, followed by application of diaminobenzidine solution until colour developed. Slides were counterstained with
haematoxylin. Negative control slides were performed without primary antibody.
The sums of integrated optical density, that is, the area sum of 11b-HSD1 and
11b-HSD2, were quantiﬁed by Image-Pro Plus software and the density mean was
calculated by integrated optical density sum/area sum.
Methylation analysis of human 11b-HSD1 and 11b-HSD2 promoters. Genomic
DNA was extracted from human hepatocarcinoma tissues and their peritumoural
tissues with ZR Genomic DNA-Tissue MiniPrep (Zymo Research, Orange, CA).
The extracted genomic DNAs were treated with the bisulphite reagent. Bisulphitespeciﬁc PCR primers (11b-HSD1, sense 50 -TTTTTTTTGAGGATTATTTTTTAA
TGAAT-30 , antisense 50 -TAACCAATTTCCCTATCAAAACAAC-30 ; and
11b-HSD2, sense 50 -GTGAGTGG TATGTGTTTATTTGAG-30 , antisense 50 -TCG
AAAAACCGCCTAACTACGAAC-30 ) or unmethylated PCR primers (11b-HSD1,
sense 50 -CTTTCTTTGAGGATTATTCCTTAATGAAT-30 , antisense 50 -TAGCC
AATTTCCCTGTCAGAGCAGC-30 ; and 11b-HSD2, sense 50 -GTGAGTGGCA
TGTGCTCACCTGAG-30 , antisense 50 -TCGAGGAGCCGCCTGGCTGCG
GGC-30 ) were designed using the MethPrimer programme for bisulphite-treated
or originally genomic DNA ampliﬁcation, respectively. The PCR products were
sequenced to determine the methylation of CpG islands.
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Measurement of plasma GC levels. After informed consent and approval by
the Clinical Research Ethics Board of the Tongji Medical College, the peripheral
blood were collected from normal donors, hepatocarcinoma patients and portal
hypertension patients without hepatocarcinoma. The plasma was prepared for GC
measurement by the EIA Kit (Cayman Chemical).
FDG–PET analysis. Tumour-bearing mice were injected 18F-FDG intravenously
after 24 h fasting. After 20 min of 18F-FDG uptake, mice were anaesthetized with
chloral hydrate and imaged for 10 min by a microPET scanner (Vista DR, GE
Healthcare).
Construction of 11b-HSD1 Tet-Off H22 tumour cell line. Tet-responsive 11bHSD1 expression constructs were made by cloning the cDNA of murine 11b-HSD1
into pPrP-tet (a gift from Professor Jianmin Zhang, Chinese Academy of Medical
Sciences). 11b-HSD1 construct was then transfected into tTA-expressing H22 cells.
Single colonies were obtained by limiting dilution with 320 mg ml  1 G418
selection.
H22 hepatocarcinoma ascites model. H22 tumour cells (1  105 ) were i.p.
injected to mice. Two days later, mice were treated with the i.p. injection of
2.5 mg g  1 Dex. Meanwhile, the chemically modiﬁed 20 -O-methyl, 50 -cholesterol
PEPCK siRNA and scrambled siRNA (10 nmol in 0.2 ml saline buffer each) were
also i.p. injected to the mice, respectively. Ten days later, mice were killed and the
ascites were measured.
Cell proliferation and apoptosis assay. H22 cells were treated with 0, 0.1, 1 or
10 mM Dex for 7 days, then cells were stained with ﬂuorescein isothiocyanateconjugated Ki67 or with ﬂuorescein isothiocyanate-conjugated Annexin V and
propidium iodide for ﬂow cytometric analysis. All the agents were purchased from
BD Biosciences.
Statistical analysis. Results were expressed as mean values±s.e.m. and interpreted by repeated-measure analysis of variance. Differences were considered to be
statistically signiﬁcant when the P-valueo0.05.
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