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A first series of experiments (Fig. 2) determined the drug-
induced changes in AMPK activation and distribution by
indirect immunofluorescence. To this end, we quantified the
fluorescence signals for AMPK phosphorylated on Thrl172
(referred to as p-AMPK-a;2). We also included total AMPK-
B12 (t-AMPK-[34,2), because the B-subunit is implicated in the
localization and activation of the holoenzyme (36). Measure-
ments for the nuclear and cytoplasmic compartments depict
pixel intensities/area. To compare changes in the nucleocyto-
plasmic distribution of AMPK subunits, we calculated the
nuclear/cytoplasmic ratio (N/C) for each of the subunits. As
expected, phenformin, resveratrol, and AICAR upregulated the
phosphorylation of AMPK on Thr172. This is reflected by an
increase in p-AMPK-a/2, both in the nucleus and cytoplasm
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Fig. 4. A: impact of AMPK activators on
Ser79 phosphorylation of acetyl-CoA-carboxy-
lase 1 (Accl) in the nucleus and cytoplasm.
B: quantitative immunofluorescence demon-
strates that AMPK activation increases p-
Accl both in the nucleus and cytoplasm, but
the effect is more pronounced in the cyto-
plasm. As a result, the N/C ratio for p-Accl
decreases when AMPK is activated. By con-
trast, total Accl (t-Accl) concentrations are
reduced with phenformin and resveratrol.
Note that DMSO was the control for both
phenformin and resveratrol. All experiments
were performed at least three times, and
quantification is shown for a representative
experiment. Results were normalized to con-
trols; data are shown as averages + SD.
Statistically significant differences were
identified with Student’s #-test. **P < 0.01.
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(Fig. 2). For the conditions chosen here, the extent of activation
was different for individual drugs, and phenformin led to a
higher activation when compared with resveratrol and AICAR.
Surprisingly, the level of activation was linked to the nucleo-
cytoplasmic distribution of p-AMPK-a,,, (Figs. 2 and 3).
Specifically, AMPK activation correlated with a reduction in
the N/C ratio for p-AMPK-a;/. Collectively, these results
suggest that the activation of AMPK with phenformin and
resveratrol occurs mostly in the cytoplasm. Alternatively, it is
possible that, following Thr172 phosphorylation, the modified
enzyme moves from the nucleus and locates preferentially to
the cytoplasm.

Interestingly, the relationship between AMPK activation and
nucleocytoplasmic distribution which we observed for phen-

Fig. 3. The effects of AMPK activators on p-AMPK-a .2, t-AMPK-a /2, and t-AMPK-B,>» were analyzed by quantitative Western blotting. A: crude extracts were
prepared from control and drug-treated cells, and the ratio of phospho/total AMPK-a12 (p/t-: AMPK-a1,2) was measured. In addition, changes in the concentration
of t-AMPK-a/» and t-AMPK-31» were determined; actin served as the reference. Phen, phenformin. B: cell fractionation combined with Western blot analysis
examined the nucleocytoplasmic distribution of AMPK. For all experiments, cytoplasmic fractions were diluted 1:5 to prevent saturation of the enhanced
chemiluminescence signal. DMSO was the vehicle for both phenformin and resveratrol; water was the solvent for AICAR. All results were normalized to control
samples. *P < 0.05; **P < 0.01. Lamin B and lactate dehydrogenase (LDH) served as markers for nuclear and cytoplasmic fractions for all treatments.
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formin, resveratrol, and AICAR does not apply to all activators.
For example, our previous studies showed that AMPK activation
by the combined treatment with 2-deoxyglucose/sodium azide led
to an increase in the N/C ratio of p-AMPK-a/» (24).

Additional experiments evaluated changes for the intranu-
clear and cytoplasmic pools of t-AMPK-3,,, (Fig. 2), as well
as for t-AMPK-a;» in the nucleus. We restricted the analysis
of t-AMPK-a1» to the a-subunit inside the nucleus, because,
under some conditions, Western blotting detected bands
smaller than the 62-kDa subunit in cytoplasmic fractions.
These bands possibly represent degradation products of the
a-subunit (not shown). Taken together, results in Fig. 2 dem-
onstrate that the compartment-specific changes for t-AMPK-
B1,2 were unique for each of the drugs tested. For instance,
AICAR had no significant effect on (3-subunits, whereas phen-
formin reduced their concentration in both the nucleus and
cytoplasm. With respect to t-AMPK-a,, inside the nucleus,
the concentration increased somewhat with phenformin, but
decreased with resveratrol and AICAR.

We further examined AMPK activation and subunit distri-
bution by quantitative Western blotting (Fig. 3), and the ratio
of phosphorylated/total AMPK-a;,, was measured (Fig. 3A).
Consistent with the results for quantitative immunolocalization
(Fig. 2), all of the activators induced a significant increase in
Thr172 phosphorylation, with phenformin eliciting the stron-
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gest response. [It should be emphasized that results for West-
ern blotting are not directly comparable to the data in Fig. 2,
because the two procedures measure different parameters. Note
that Fig. 3A depicts the relative activation by calculating the
ratio p/t-t AMPK-a,, in crude extracts.]

Using actin as a reference, it was also determined with crude
extracts whether the concentration of t-AMPK-o;, and
t-AMPK-f3,,; is affected by AMPK activators. These Western
blots revealed a reduction of t-AMPK-a;,, in response to
phenformin treatment, but no significant changes for t-AMPK-
oy or t-AMPK-f3;,, for any of the other conditions.

Cell fractionation was carried out next to monitor how
AMPK activators impact p-AMPK-a,,, in nuclear and cyto-
plasmic fractions (24). [It should be noted that isolated nuclei
in Fig. 3B represent both molecules inside the nucleus as well
as material associated with the cytoplasmic face of the nuclear
envelope, whereas Fig. 2 examined AMPK subunits in the
nuclear interior only. Depending on the protein analyzed, the
two measurements will not be identical.] In the case of
p-AMPK-a 5, this complication did not apply, because both
methods gave comparable results. Thus, cell fractionation con-
firmed that the nucleocytoplasmic distribution of p-AMPK-
oy, was dependent on the kinase activator. Whereas phen-
formin and resveratrol led to a significant decrease in the
nuclear/cytoplasmic ratio of p-AMPK-a,, (N/C), no drastic
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Fig. 5. Accl phosphorylation on Ser79 (p-Accl) and p-Accl distribution were examined by Western blotting. A: drug-induced changes in the ratio of p/t-Accl
were analyzed for crude extracts. Samples for p-Accl and t-Accl depicted for phenformin and resveratrol were present on the same gel and exposed for the same
time. B: the N/C ratio for p-Accl was determined by cell fractionation for different AMPK activators. All cytoplasmic fractions were diluted 1:5. *P < 0.05,

P < 0.01.
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change was observed for AICAR. In control experiments, the
proper preparation of nuclear and cytoplasmic fractions for
LLCPKI cells was verified by probing with antibodies against
the nuclear protein lamin B and LDH, a marker for the
cytoplasm (Fig. 3B).

On the basis of our results, we propose that the method used
to activate AMPK will determine the changes in nuclear and
cytoplasmic compartments. Given that the modification of
AMPK targets in different subcellular locations will impact
distinct physiological processes, the compartment-specific ac-
tion of AMPK activators has to be understood to optimize their
use in a clinical setting.

Effects of AMPK modulators on the phosphorylation and
distribution of acetyl-CoA-carboxylase 1. Accl is a mostly
cytoplasmic enzyme that is inactivated by AMPK through
phosphorylation on Ser79. To monitor the impact of AMPK
activators, we quantified the distribution of phospho-Ser79
Accl (here referred to as p-Accl) and total Accl (t-Accl) in
control and drug-treated cells. For all AMPK activators, Ser79
phosphorylation of Accl was drastically upregulated in the
cytoplasm, whereas a lesser effect was observed for intranu-
clear pools of Accl (Fig. 4). This was verified by Western blot
analyses that demonstrated an increase in the ratio p/t-Accl for
phenformin and resveratrol (Fig. 5). Upon AICAR treatment,
results for immunolocalization and cell fractionation were not
identical. One possible explanation for this discrepancy is that
p-Accl binding to the cytoplasmic side of the nuclear envelope
increased in response to AICAR incubation, whereas intranu-
clear pools of p-Accl were less affected by this activator. With
respect to t-Accl, phenformin and resveratrol reduced the
concentration significantly in the nucleus and cytoplasm, while
an increase was observed for AICAR in the nuclear compart-
ment (Fig. 4).

Taken together, the pharmacological compounds tested by
us elevated Thr172 phosphorylation to different extents; how-
ever, this led to a similar increase in Accl Ser79 modification.

Regulation of nucleolar de novo RNA synthesis by AMPK
modulators. To evaluate the effects of AMPK pharmacological
activators on nuclear processes, we focused on the de novo
synthesis of RNA in nucleoli. To achieve this, EU, a compound
that is incorporated into newly synthesized RNA, was added
together with the individual drugs. Following a 1-h incubation,
cells were fixed and EU was detected through labeling with
Alexa Fluor488 (Fig. 6). Quantification of fluorescence signals
in nucleoli demonstrated that all of the AMPK activators
reduced significantly the EU incorporation in the nucleolus.
Surprisingly, there was no direct correlation with AMPK
activation, because the most pronounced effect was observed
for resveratrol, which consistently led to a drastic reduction in
EU incorporation. By contrast, phenformin and AICAR caused
only moderate inhibition of RNA synthesis in nucleoli. Col-
lectively, these results support the model that distinct AMPK
activators trigger a unique combination of physiological
changes.

Conclusions. AMPXK is located in the nucleus and cytoplasm
of different cell types (24, 52); however, this distribution is
dynamic and regulated by nuclear import and export (19, 24,
45). The data presented here demonstrate that AMPK activa-
tors have compartment-specific effects on p-AMPK-a,
t-AMPK-a /2, and t-AMPK-[3;,2. In particular, phenformin and
resveratrol elicited a pronounced activation of AMPK in the
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Fig. 6. AMPK activators alter de novo RNA synthesis in the nucleolus. The
effect of drugs on RNA synthesis in nucleoli was measured by quantitative
fluorescence microscopy. Images are shown for de novo synthesized RNA
[5-ethynyluridine (EU)] in controls and drug-treated samples. Newly synthe-
sized RNA was quantified in the nucleolus. At least four independent exper-
iments were performed, and quantification was carried out for a represen-
tative experiment. For each data point, fluorescence signals were measured
in at least 115 nucleoli. Results were normalized to controls and are
depicted as averages + SD. Significant differences were identified with
Student’s t-test. **P < 0.01.

cytoplasm, whereas the increase in Thr172 phosphorylation
was less drastic in nuclei. On the other hand, AICAR had
comparable effects on Thr172 modification in both compart-
ments. This may—in part—be explained by the nucleocyto-
plasmic distribution of upstream activating kinases, such as
LKB1 (7). Alternatively, the steady-state localization of
AMPK could be controlled by nuclear import and export of its
subunits, and these transport processes might depend on the
activation state of the enzyme. Our experiments do not distin-
guish between these possibilities.

AMPK has many targets that participate in numerous cellu-
lar processes in a wide variety of tissues. For example, AMPK
regulates the size of pancreatic [3-cells, possibly by modulating
mammalian target of rapamycin (mTOR) signaling (10), while
in the kidney the enzyme is critical for the development of
hypertrophy (18). The different targets of AMPK and their
diverse downstream effects make it important to control
AMPK activity in a compartment-specific fashion. Yet, there
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are only a limited number of studies that examined the intra-
cellular distribution of the kinase under different physiological
conditions. Data described here suggest that changes in AMPK
activation can alter the balance between nuclear and cytoplas-
mic kinase activity as well as the distribution of individual
subunits. Moreover, we describe that AMPK activators have
different downstream effects that are important for the treat-
ment of metabolic diseases and diabetic complications. Thus,
to the best of our knowledge, data discussed here are the first
to show how diverse AMPK activators modulate transcription
in the nucleolus. Notably, our work demonstrates that resvera-
trol strongly inhibits transcription in this subnuclear compart-
ment. Thus, our results provide new insights into the possible
mechanisms by which resveratrol downregulates protein syn-
thesis and ameliorates renal hypertrophy. These features make
resveratrol particularly interesting in the clinic; however, the
scenario is further complicated by the fact that the compound
can also modulate other cellular processes. Accordingly, we
cannot rule out the possibility that the impact of resveratrol on
transcription results from the combination of AMPK stimula-
tion and additional events, potentially linked to SIRT1. On the
other hand, AMPK is required to establish the changes in
metabolism that are elicited by resveratrol (49), emphasizing
the importance of AMPK for the drug response.

Taken together, on the basis of our studies we propose that
the nuclear and cytoplasmic pools of AMPK have different
roles in cell physiology, and that the coordinated action of both
pools regulates AMPK-dependent processes in an intricate
fashion. We anticipate that the full spectrum of AMPK-medi-
ated events and their modulation by pharmacological drugs
will only be understood once we can link the localized action
of AMPK to the effect on targets that are present in specific
subcellular locations. This knowledge is particularly relevant
in a clinical setting, because AMPK regulates multiple nuclear
and cytoplasmic activities that impact the progression and
complications of diabetes and other metabolic diseases. Mod-
ulating these compartment-specific events with the proper
AMPK activator will help to optimize the clinical outcome of
therapeutic intervention.
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