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Rapamycin pre-treatment abrogates Tumour Necrosis Factor-α downregulatory effects on LXR-α and PXR mRNA expression via inhibition of
c-Jun N-terminal kinase 1 activation in HepG2 cells
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Abstract The Liver X Receptor (LXR) and Pregnane X Receptor (PXR) are members of the nuclear
receptor superfamily. Previously, they have been classified as important regulators of lipid
homeostasis. However, recent studies have shown that they may be implicated in anti-inflammatory
responses as well. This study shows that Tumour Necrosis Factor-α (TNF-α) treatment reduces both
LXR-α and PXR mRNA expression. However, pre-treatment with rapamycin, an mTOR inhibitor,
followed by TNF-α stimulation, significantly induces LXR-α and PXR mRNA expression to ~17- and ~2fold, respectively. This suggests that mTORC1, a multi-molecular complex of which mTOR is a
member, may act as a negative regulator that inhibits the induction of LXR-α and PXRas antiinflammatory genes. It is also shown here that inhibition of JNK1 via the mTOR/Akt pathway coincides
with the up-regulation of LXR-α and PXR mRNA, after TNF-α treatment. Together, these observations
suggest that JNK1 possibly act downstream of mTORC1 as an LXR-α and PXR inhibitor. From the
results gleaned in this study, rapamycin (and its analogues) may be used to reduce acute inflammation
by promoting the induction of LXR-α and PXR as anti-inflammatory genes.
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INTRODUCTION
Several members of the nuclear receptor family, including LXR and PXR have emerged as important
regulators of inflammatory signalling (Castrillo and Tontonoz, 2004). Previously, LXRs were only
classified as cholesterol sensors that regulate the expression of genes involved in lipid metabolism in
response to specific oxysterol ligands (Repa and Mangelsdorf, 2000). Conversely, the canonical
function of the PXR is to sense elevations in xenobiotics and endobiotics and to orchestrate a response
that promotes xenobiotic/endobiotic metabolism and excretion (Kliewer, 2003). Numerous studies have
established that LXRs regulate gene expression linked to cholesterol metabolism in a tissue-specific
manner. For example, LXR activation in rodent liver up-regulates Cyp7a1, a member of the cytochrome
P450 family that is critical for bile acid synthesis (Peet et al. 1998). In the intestine, LXR controls the
reabsorption of cholesterol via the expression of ABCG5 and ABCG8 (Yu et al. 2002). In peripheral
cells such as macrophages, LXRs regulates the expression of a panel of genes involved in reverse
cholesterol transport. In response to macrophage cholesterol overload, LXRs induce expression of the
cholesterol efflux transporters ABCA1 and ABCG1, the apolipoproteins apoE and apoCs, and the
phospholipid transfer protein, PLTP (Repa and Mangelsdorf, 2000; Zelcer and Tontonoz, 2006). PXR,
on the other hand, regulates the expression of several key enzymes controlling the bile acid synthesis
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pathway, lipid metabolism and glucose homeostasis (Eloranta and Kullak-Ublick, 2005; Handschin and
Meyer, 2005; Moreau et al. 2008). The roles of LXR and PXR as intermediates in inflammatory
signalling has also been described (Castrillo et al. 2003; Joseph et al. 2003; Langmann et al. 2004;
Shah et al. 2006; Zhou et al. 2006). Since LXR and PXR are involved in both metabolic and
inflammatory pathways, this makes them potentially attractive targets for the modulation of
inflammation responses, especially towards TNF-α.
TNF-α down-regulates specific targets which include the nuclear receptors LXR and probably PXR
(Kim et al. 2007). Upon TNF-α stimulation, the c-Jun N-terminal kinases (JNK) will be activated via its
upstream kinase MKK7 (Bogoyevitch and Kobe, 2006). Subsequently, the activated JNK would
translocate into the nucleus to activate its cognate transcription factor, c-Jun (Bogoyevitch and Kobe,
2006). There have been reports linking the PI3K/Akt/mammalian target of rapamycin (mTOR) pathway
to JNK activation (Wajant and Scheurich, 2001). However there was no direct attempt at studying the
mechanisms of the mTOR/Akt/JNK interplay. There are still doubts as to whether rapamycin will inhibit
JNK directly or indirectly via its many upstream kinases. This study will attempt to demonstrate that
LXR-α and PXR mRNA repression by TNF-α via the JNK cascade is abrogated by mTOR inhibition.
Insights obtained from this study may enable restoration of normal lipid homeostasis in acutely
inflamed human cells in the future.

MATERIALS AND METHODS
Cell line and culture
The human hepatocarcinoma cell line, HepG2 cells, were obtained from ATCC (Manassas, VA, USA)
and grown in Minimum Essential Medium with Earle salts (Invitrogen; Carlsbad, CA, USA) medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and penicillin/streptomycin (100
-1
units ml ) in a 5% CO2 incubator maintained at 37ºC.
Cell treatment
For expression studies, cells were stimulated with 20 ng/mL of TNF-α (Millipore Corporation; Billerica,
MA, USA). For rapamycin inhibition studies, 10 nM of rapamycin (Sigma-Aldrich; St. Louis, MO, USA)
was added 2 hrs prior to TNF-α stimulation for 2 hrs.
Real-time RT-PCR
Expressions of human Lxr-α, Pxr, Jnk1 and β-actin mRNA transcripts were detected by real-time RTPCR. Briefly, total RNA from HepG2 cells was isolated using the RNeasy Mini kit (QIAGEN;
Dusseldorf, Germany) and a real-time one-step RT-PCR performed using Quantifast SYBR Green
(QIAGEN; Dusseldorf, Germany) on a MyIQ iCycler (Bio-Rad; Berkeley, CA, USA) using the protocol:
reverse transcription at 10 min at 50ºC, initial denaturation for 5 min at 94ºC, 34 cycles of 10 sec at
94ºC, 30 sec at 58ºC (Lxr-α, Pxr and β-actin) or 63ºC (Jnk1), and 30 sec at 72ºC, followed by a 10 min
final extension step at 72ºC. Melt curve analysis was performed as follows: 1 min at 55ºC , followed by
10 sec at 55ºC with an incremental 0.5ºC for 90 cycles. Primer sequences used to amplify the human
Lxr-α and Pxr were as follows: 5’-TCAGGCGGATCTGTTCTTCT-3’ (Lxr-α reverse), 5’CGGGCTTCCACTACAATGTT-3’ (Lxr-α forward), resulting in a 213-bp RT-PCR product, and 5’TCCCTGTCCGTTCACTTTTC-3’ (Pxr reverse), 5’-CAAATCTGCCGTGTATGTGG-3’ (Pxr forward),
resulting in a 289-bp RT-PCR product. Primer sequences used to amplify the human Jnk1 were as
follows: 5’-GCCTGTCGCACGTGATTGA-3’ (Jnk1 reverse) and 5’-CGTCTTCGTTCGCACTGTTG-3’
(Jnk1 forward), resulting in a 175-bp RT-PCR product. β-actin primers were used as an internal control.
The primer sequences for human β-actin were as follows: 5’-CGTACCACTGGCATCGTGAT-3’
(forward), 5’-CCATCTCTTGCTCGAAGTTC-3’ (reverse), which yielded a 280-bp RT-PCR product.
Western blot analysis
Cells were harvested, washed in phosphate-buffered saline (PBS) and centrifuged. Cytoplasmic and
nuclear proteins were extracted using the Nuclear and Cytoplasmic Extraction kit (Pierce, Thermo
Fisher Scientific; Waltham, MA, USA). The cell lysates were subsequently resolved using SDS-PAGE,
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transferred onto Immobilon-P membranes (Millipore Corporation; Billerica, MA, USA), and
immunoblotted with anti-JNK/SAPK #9252, anti-phospho-SAPK/JNK (Thr183/Tyr185) #9251, anti-cJun #9165, anti pc-Jun (Ser 73) #9164, anti-MKK7 #4172, anti-phospho-MKK7 (Ser271/Thr275)
#4171, anti-mTOR #2972, anti-phospho-mTOR (Ser2448) #2971, anti-Akt #9272, anti-phospho-Akt
(Ser473) #9271, anti-rabbit IgG HRP-linked antibody (#7074). Anti-β-actin (#4967) was utilised as an
internal control. The nuclear fractions were probed against c-Jun and pc-Jun only, while the
cytoplasmic fractions were probed against the other antibodies. All antibodies were purchased from
Cell Signaling Technology; Beverly, MA, USA. Immunoreactive bands were visualised and their
densities analysed using the Fluorchem FC2 system (Alpha Innotech; San Leandro, CA, USA).
Statistical analysis
A one-way ANOVA was used to compare mean values for independent variables. Significant
differences at 95% confidence (p < 0.05) and 99% confidence (p < 0.01) are depicted with an asterisk
(*) and two asterisks (**) on each graph, respectively. Each experiment was repeated three times.

RESULTS AND DISCUSSION
Previously, it has been shown that TNF-α decreases the expression of LXR-α mRNA (Kim et al. 2007).
To determine whether PXR mRNA expression will exhibit a similar pattern, HepG2 cells were treated
with varying dosages of TNF-α. From Figure 1, 20 ng/mL of TNF-α significantly reduces both LXR-α
and PXR mRNA expression to ~0.5- and ~0.4-fold respectively. The reduction in LXR-α mRNA
expression agrees with a recent study using Hep3B cells by Kim et al. (2007). Similar observations
were made in HK2 (human proximal tubular) cells, 3T3-L1 cells and rabbit adipocytes, when TNF-α
treatment significantly reduced LXR-α mRNA expression (Wang et al. 2005; Lu et al. 2006; Zhao and
Dong, 2007). Indeed, RXR-α, which heterodimerise with LXR-α, was reduced upon stimulation with
TNF-α as well (Kim et al. 2007). As for PXR, it has been reported that stimulation with the proinflammatory cytokines IL-6, IL-1 and LPS activates NF-κB, a pro-inflammatory transcription factor,
which in turn inhibit PXR mRNA expression (Assenat et al. 2006). Reciprocally, once the expression of
NF-κB was repressed, PXR mRNA expression was increased (Zhou et al. 2006). These findings
conclusively show that the lipid metabolism and inflammatory pathways would eventually converge at
some point. The characteristic changes in lipid metabolism that occur during acute inflammation
include hypertriglyceridemia, decreased hepatic fatty acid oxidation and ketogenesis, inhibition of bile
acid synthesis, and decrease in serum HDL levels (Khovidhunkit et al. 2004). As both LXR-α and PXR
mRNA expression were down-regulated by TNF-α, they could be closely related to each other
physiologically. It would be logical if their expression patterns mirror each other when exposed to
certain external stimuli, such as ultraviolet radiation or reactive oxygen species, and in this particular
study, TNF-α.

Fig. 1 Average mRNA expression of LXR-α, PXR and JNK1 as normalised to β-actin when treated with 0, 5,
10, 20 and 50 ng/mL of TNF-α for 24 hrs. * significant increase at p < 0.05 vs. control. Treatment of 20 ng/mL of
TNF-α alone resulted in a significant decrease in mRNA expression for LXR-αand PXR mRNA expression.
However, JNK1 mRNA was significantly increased.
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The repression of LXR-α and PXR mRNA when exposed to TNF-α would be mediated by kinases
involved in signal transduction. As TNF-α was often implicated in JNK1 signalling (Bogoyevitch and
Kobe, 2006), it is possible that JNK1 would be one of the important intermediates in this signalling
cascade. Based on Figure 1, JNK1 mRNA expression increased ~2.5-fold upon stimulation with 20
ng/mL of TNF-α. This increase in mRNA expression coincides with the decrease of LXR-α and PXR
mRNA expression (Figure 1). Unfortunately, there is not enough substantive evidence in this study to
suggest a concrete link between the two. However, knockdown of JNK1 has been shown to upregulate PGC-1β (Yang et al. 2007), as a key activator of hepatic lipogenesis and lipoprotein secretion
through activation of LXR-α (Wolfrum and Stoffel, 2006). As LXR-α auto-regulates its own transcription
(Laffitte et al. 2001; Li et al. 2002, Ulven et al. 2004), it is conceivable that JNK1 may act to repress
Lxr-α transcription through LXR-α inhibition. Kim et al. (2009) has proposed a contradictory argument,
in which they hypothesised that JNK1 increases LXR-α activity, although this may be due to different
cell types and experimental models. In any case, these reports suggest that there could be an interplay
between JNK1 and LXR-α. Similar to our findings, Wang et al. (2010) has shown that activation of
JNK1 coincides with reduced Pxr expression. As JNK1 is the most downstream of the mitogen
activated protein kinases (MAPK) which is involved in inflammation (Wagner and Nebreda, 2009), it is
probable that there may be still other upstream kinases which induction may cause a decrease in LXRα and PXR mRNA levels. One viable option would be the mTOR. Sustained mTOR activity may
contribute to steatosis by impairing lipid homeostasis (Parent et al. 2007) and also causes lipogenesis
deregulation (Laplante and Sabatini, 2010).
To see if mTOR inhibition affects the induction of LXR-α and PXR mRNA, the HepG2 cells were
treated with rapamycin, a mTOR inhibitor, before the individual experiments were analysed. In Figure
2, TNF-α treatment significantly reduced the expression of LXR-α and PXR mRNA to ~0.5-fold. This is
in accordance with earlier experiments in this study (Figure 1). Rapamycin treatment alone causes a
reduction in expression in LXR-α and PXR mRNA to ~0.5- and ~0.25-fold respectively (Figure 2). This
shows that mTOR inhibition would not drive the expression of LXR-α and PXR mRNA by itself.
However, pre-treatment with rapamycin, followed by TNF-α stimulation, resulted in a ~17- and ~2.0fold increase in LXR-α and PXR mRNA expression respectively (Figure 2). From these observations, it
could be deduced that mTOR acts as an inhibitor in TNF-α-mediated anti-inflammatory responses
involving LXR-α and PXR. When the cells were stimulated with TNF-α alone, mTOR –possibly via
JNK1– inhibits the anti-inflammatory action of LXR-α and PXR, as shown in the decrease in the mRNA
expression of both genes and the corresponding increase in JNK1 mRNA expression (Figure 1).
Removing the inhibitor –mTOR in this instance– will lead to up-regulation of LXR-α and PXR mRNA
expression only when challenged with TNF-α. The observations here suggest that rapamycin
augments the anti-inflammatory response only when stimulated with TNF-α by inducing the
transcription of LXR-α and PXR mRNA. This hypothesis is backed by considerable evidence that has
emerged indicating that, in addition to inducing genes involved in reverse cholesterol transport, LXRs
reciprocally repress a set of inflammatory genes after bacterial, LPS, TNF-α, or IL-1β stimulation
(Joseph et al. 2003). Examples of such genes include those involved in generation of bioactive
molecules such as iNOS and COX2, IL-6 and IL-1β, the chemokines monocyte chemoattractant
protein-1 (MCP-1) and MCP-3, and MMP9 (Castrillo et al. 2003; Joseph et al. 2003). PXR has been
shown to have a significant effect on ablating the inflammatory response mediated by exogenous
toxins and to have an important role in modulating inflammatory diseases of the bowel (Langmann et
al. 2004; Shah et al. 2006; Zhou et al. 2006).
Subsequently, the role of JNK1 in regulating LXR-α and PXR mRNA expression was further examined.
Recently, LXR-α, mTOR and JNK1 have been implicated in hepatic steatosis (Parent et al. 2007; Sabio
et al. 2009; Kim et al. 2010). This provides a solid basis to further investigate their interplay. JNK1 has
also been further identified as important regulators in hepatic steatosis and insulin resistance
(Schattenberg et al. 2006; Sabio et al. 2009; Singh et al. 2009). Based on Figure 3a, JNK1 was
constitutively expressed. JNK1 was activated after TNF-α stimulation (up to ~1.77-fold) in rapamycinuntreated cells. However, rapamycin treatment abrogated JNK1 activation in HepG2 cells (Figure 3b).
Subsequent stimulation with TNF-α failed to re-establish JNK1 activation (Figure 3b). Apparently, it
would seem here that rapamycin pre-treatment (and subsequent TNF-α stimulation) would up-regulate
LXR-α and PXR mRNA expression (Figure 2), but abrogates JNK1 activation (Figure 3b).
To ensure that the abrogation of JNK expression is valid, the expression and activation of c-Jun, the
canonical substrate of JNK, was studied. Figure 3c shows that total c-Jun expression remained
constant regardless of any stimulation/treatment. From Figure 3d, TNF-α stimulation alone is shown to
activate c-Jun in rapamycin-untreated samples, up to ~2.29-fold. However, rapamycin treatment alone
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was also sufficient to induce c-Jun activation, as seen in rapamycin-treated samples (Figure 3d). Here,
it would seem that c-Jun activation does not require prior JNK1 activation, as activated JNK1 was not
detected under rapamycin treatment (Figure 3b). This suggests that there may be other kinases which
may replace JNK1’s role in activating c-Jun. Indeed, ERK8 has been shown to phosphorylate c-Jun
directly in HCT15 colorectal cells (Xu et al. 2010). In neurons, the inhibition of JNK activity could not
block either the c-Jun activation or up-regulation or their subsequent death (Dunn et al. 2002). In COP9
signalosome-directed c-Jun activation/stabilisation (Neumann et al. 1999) and calcium-regulated
activation of c-Jun (Zanger et al. 2001), c-Jun activation was increased without corresponding JNK
activation. The reduction in c-Jun activation (~0.62-fold) after rapamycin pre-treatment and subsequent
TNF-α stimulation (Figure 3d) correlates with the increase in LXR-α and PXR mRNA expression
(Figure 2). It is postulated here that rapamycin removes the molecular inhibitor that will prohibit LXR-α
and PXR to counteract inflammation in cells (as induced here with TNF-α).

Fig. 2 Average mRNA expression of LXR-α and PXR as normalised to β-actin; untreated control (denoted
by con bars), when treated with 100 ng/mL rapamycin only for 2 hrs (denoted by TNF-α bars) when
stimulated with 20 ng/mL TNF-α only for 2 hrs (denoted by TNF-α bars) and when pre-treated with 100
ng/mL rapamycin for 2 hrs, subsequently followed by 20 ng/mL TNF-α for 2 hrs (denoted by TNF + rap
bars). # significant decrease at p < 0.05 vs. control. * significant increase at p < 0.05 vs. control. ** significant
increase at p < 0.01 vs. control. Treatment of TNF-α alone resulted in a significant decrease for LXR-α and
PXRmRNA expression. Rapamycin treatment by itself causes a significant reduction in both Lxr-α and Pxr.
However, pre-treatment with rapamycin followed by TNF-α stimulation caused a significant increase in induction for
both LXR-α and PXR mRNA.

Next, the interaction between JNK1 and mTOR/Akt was studied. Previous experiments have shown
that rapamycin, an mTOR inhibitor, successfully abrogates JNK1 activation as well as reduces LXR-α
and PXR mRNA expression (Figure 2 and Figure 3b). Therefore, Western blots were performed using
antibodies of components in the JNK1 cascade and the mTOR/Akt pathway, to look for any direct link
that may herald cross-signalling between the two pathways. Based on Figure 4a, total MKK7, the
specific JNK activator (Bogoyevitch and Kobe, 2006; Haeusgen et al. 2010), was detected in all
samples. However, its activated form was only detected in rapamycin-treated samples (Figure 4b). As
with the case of mTOR and Akt as discussed in the following sections, JNK1 and MKK7 could both be
involved in a scaffolding complex, which was first described in yeast by Whitmarsh et al. (1998) and
5
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further elucidated by Whitmarsh (2006). Scaffold proteins for the JNKs have been identified. These
include the JNK interacting protein (JIP) group of putative scaffolds, which includes the JIP1, JIP2 and
JIP3 proteins. The JIP1 and JIP2 proteins are closely related proteins that bind to JNK, MKK7, and
mixed-lineage protein kinases (Whitmarsh et al. 1998; Yasuda et al. 1999). JIP1 and JIP2 binds to
JNK, MKK7, and members of the mixed-lineage group of MAPKKK (Kelkar et al. 2000; Weston and
Davis, 2002). Indeed, JIP1-deficient mice (Jaeschke and Davis, 2007) exhibit defects in JNK activation
and insulin resistance. This observation was also expressed by Song and Yong (2005), who
hypothesised that JIP1 assembles Akt, MKK7 and JNK1. As JNK1 and MKK7 would be complexed
together in a signalling scaffold in JIP1, MKK7 would not need to be phosphorylated to exert its kinase
activity (Nihalani et al. 2003). As shown in Figure 4b, consistent with the scaffolding hypothesis, MKK7
was not observed to be phosphorylated in rapamycin-untreated samples. An inactive scaffold may
cause MKK7 to be independently activated, and this was shown in Figure 4b where rapamycin pretreatment activated MKK7. In fact, MKK7 was shown to preferentially activated by TNF-α and cellular
stresses (Moriguchi et al. 1997). Based on Figure 3d, this correlates with the results obtained in this
experiment, where c-Jun was activated with corresponding MKK7 activation. p-JNK1 would be
detected as it would be freed from the complex to translocate into the nucleus to act on transcription
factors (Cavigelli et al. 1995).

Fig. 3 Western blots of (a) JNK1, (b) p-JNK1, (c) c-Jun, (d) pc-Jun, (e) β-actin. This is a representation of three
separate experiments. Rapamycin ‘-’ indicates no pre-treatment and ‘+’ indicates 2 hrs of rapamycin pre-treatment.
TNF-α ‘-’ signifies unstimulated samples and ‘+’ signifies 2 hrs of TNF-α stimulation. * significant increase at p <
0.05 vs control. # significant decrease at p < 0.05 vs control. Treatment with rapamycin abrogated JNK1 activation.
Rapamycin and TNF-α both activate c-Jun singly, but treatment with TNF-α reduces c-Jun activation after
rapamycin treatment. β-actin was used as loading control. Densities for bands were recorded beneath each blot
and were normalised to their respective loading controls.

Akt has been shown to inhibit JNK1 activity by binding to JIP1 (Kim et al. 2002). JIP1 assembles the
Mixed Lineage Kinase 3 (MLK3), MKK7 and JNK1 in a complex which can be disrupted by Akt binding.
In this study, Akt expression in rapamycin-untreated samples is stable (Figure 4c), and pre-treatment
with rapamycin activates Akt (Figure 4d). Akt phosphorylation was increased at serine 473 ~1.48-fold
after TNF-α stimulation (Figure 4d). The increase of serine 473 phosphorylation is due to the action of
TNF-α (Tsou et al. 2010). Conversely, JNK1 is also deactivated (Figure 3b). In contrast, there was no
6
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detection of p-Akt in rapamycin-untreated samples (Figure 4d), strengthening the case that only
phosphorylated Akt inhibit JNK1 signalling by binding to JIP1 and disrupting the formation of the MKK7JNK1 scaffold. This contradicts observations from Kim et al. (2002), in which co-expression of wild-type
or kinase-dead Akt reduced formation of a JIP1-mediated ternary complex between MLK3 and JNK1.
However, the same authors Kim et al. (2002) conceded that JIP1 phosphorylates Akt at serine 473.
Other researchers have also established indirect links to Akt-JIP1 binding (Jaeschke et al. 2004; Hao
et al. 2008; Morel et al. 2010). Taken together, these experiments demonstrate that p-Akt binding to
JIP1 inhibits JIP1’s ability to assemble active JNK signalling complexes. Presumably, rapamycin
treatment will positively affect the binding affinity of Akt towards JIP1 by activating it at its serine 473
residue.

Fig. 4 Western blots of (a) MKK7, (b p-MKK7, (c) Akt, (d) p-Akt (S473), (e) mTOR, (f) p-mTOR (S2448) and (g)
β-actin. Rapamycin ‘-’ indicates no pre-treatment and ‘+’ indicates 2 hrs of rapamycin pre-treatment. TNF-α ‘-’
signifies unstimulated samples and ‘+’ signifies 2 hrs of TNF-α stimulation. This is a representation of three
separate experiments. * significant increase at p < 0.05 vs control.Pre-treatment with rapamycin activated MKK7
and Akt after TNF-α stimulation. However, rapamycin pre-treatment prevented mTOR phosphorylation at serine
2448. β-actin was used as loading control. Densities for bands were recorded beneath each blot and were
normalised to their respective loading controls.

Rapamycin, and likely its analogs (CCI779, RAD001, AP23573), are cell-type-dependent inhibitors of
mTORC2 function as well as universal inhibitors of the mTORC1 pathway (Sarbassov et al. 2006).
Based on Figure 4d, phosphorylation of Akt at the serine 473 residue is considered a marker of
mTORC2 activity (Hresko and Mueckler, 2005; Sarbassov et al. 2005; Jacinto et al. 2006). This
suggests that mTOR complexes into an active form (mTORC2), and is in agreement with the
hypothesis that mTOR complexes into mTORC1/2 as a more active signaling molecule (Sarbassov et
al. 2005). In Figure 4e, total mTOR was detected in all samples but its activated form was only
detected in rapamycin-untreated samples (Figure 4f). Stimulation with TNF-α increases its
phosphorylation ~1.31-fold, which correlates with a report by Tsou et al. (2010). In rapamycinuntreated cells, mTOR may form the mTORC1, which is supported by the observation of mTOR
7
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phosphorylation at serine 2448 (Figure 4f). The mTORC1 would be assembled by the p70 S6 kinase
(Chiang and Abraham, 2005; Holz and Blenis, 2005). Therefore, phosphorylation of mTOR at serine
2448 could be considered a marker for p70 S6 kinase activity (Chiang and Abraham, 2005; Holz and
Blenis, 2005). Once the cells were pre-treated with rapamycin, the assembly of mTORC1 may be
disrupted by rapamycin. This could encourage mTOR to form another active complex (mTORC2), as
suggested by the phosphorylation of Akt at its serine 473 residue (Figure 4f). Furthermore, mTORC2
was observed to be resistant to low dosages of rapamycin treatment, while mTORC1 was not
(Sarbassov et al. 2006; Foster and Toschi, 2009). It is postulated here that TNF-α signals to c-Jun via
p70-mTORC1-JNK1 in rapamycin-untreated HepG2 cells. Consistent with this hypothesis, p70 S6 was
already shown to signal to JNK in bone cells (Takai et al. 2007). Conversely, with rapamycin treatment,
it is postulated that TNF-α signals to c-Jun via mTORC2-Akt.
As conclusion, LXR-α and PXR mRNA are up-regulated upon TNF-α stimulation, only if rapamycin was
administered beforehand. Although there was a lack of concrete evidence that JNK1 down-regulates
LXR-α and PXR mRNA specifically, it was shown here in this study that LXR-α and PXR mRNA upregulation (Figure 2) coincides with abrogation of JNK1 activation (Figure 3b), after TNF-α
administration. Pre-treatment with rapamycin prior to TNF-α stimulation may release any inhibitory
control that represses LXR-α and PXR from countering the effects of acute inflammation. Also, the
formation of mTORC2 may also play a role in galvanising the response of LXR-α and PXR mRNA
transcription. Based on results from this study, rapamycin (and its analogues) may be used to reduce
acute inflammation by promoting the anti-inflammatory properties of LXR-α and PXR.
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