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Introduction
This study investigates the molecular mechanisms of Metformin.

Conclusions
Metformin acts through AMPK signaling by promoting the phosphorylation of AMPK through AMP accumulation and
subsequent LKB1 phosphorylating AMPK, leading AMPK to phosphorylate TSC, which inactivates Rheb, thereby
inactivating mTORC. AMPK also directly phosphorylates mTORC at the RAPTOR domain to inhibit it.

Amendments
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1.

Metformin prevents cardiovascular disease and inflammation by decreasing liver glucose
production, decreasing intestinal glucose absorption, and increasing glucose use by the
cells (greater glucose oxidation).

2.

Metformin believed to inhibit complex 1 of the mitochondrion, decreasing cellular
production of ATP (cell energy). This reduced energy presence activates AMPK,
which is a sensor of cellular energy and inhibits growth while promoting cell
catabolism for the generation of more energy.

3.

One of the pathways inhibited by AMPK is mTORC1, which drives cell growth. mTORC
phosphorylates S6K, eIF4E, ULK-1, and TFE3 - which all stimulate growth and/or inhibit
catabolism (breakdown) by autophagy.
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4.

mTORC is regulated by RHEB protein when RHEB is bound by a GTP (we’ll call this
GTP-RHEB), and RHEB is deactivated by the protein TSC 1&2. So, GDP-RHEB
inhibits mTORC (GDP is the inactive form of GTP), therefor inhibiting cell growth.
TSC proteins (which are specific GTPase activating proteins - GAPs) are
phosphorylated/regulated by AMPK.
AMPK can also inhibit mTORC by phosphorylating one of its components, RAPTOR
protein, directly.
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Signaling Protein Guide
- Phospho-ACC inhibits fat synthesis and induces fat oxidation.
- S6K does increases protein synthesis when phosphorylated by mTOR.
- S6 is part of a ribosomal subunit that is phosphorylated to promote
protein synthesis.
- ULK is phosphorylated my mTOR, leading to reduced autophagy, if
phospho is on 757 - it is increased autophagy with phospho-S555.
- DEPTOR interacts with mTORC and reduces mTORC activity.
- STAT3 is a transcription factor that binds genes and allows or
disallows their expression.
- 4EBP1 binds eIF and inhibits protein synthesis, when 4EBP1 is NOT
phosphorylated.
- eIF initiates protein synthesis.

Figure 1
[1A] This is the schematic of what is known (I would use the one I created - above).
[1B] These are protein quantifications of serum starved liver cells (they are not being fed
nutrients) and the levels of protein of each mTORC regulating protein (part of the AMPK
signaling) and mTORC downstream proteins (mTORC signaling) without and with increasing
concentrations of metformin added to the cells at 2 hours and 5 hours.
PR (Primary Results):
- Metformin increases phosphorylation of ACC, TSC, RAPTOR, and AMPK proteins, implying a
reduction in mTORC growth signaling and inhibited fat synthesis and more fat oxidation.
- Metformin also decreases phosphorylation of S6K (presumably by mTORC)
- Metformin increases levels of S6K (non-phosphorylated, therefor inactive).
- Metformin maintains levels of 4EBP1.
[1C] Overall gene expression with metformin added (MET) or Ink-128 (an mTORC inhibitor)
(INK).
PR: There are 605 common genes upregulated and 505 common genes downregulated in liver
cell genome between metformin and INK-128.
[1D] This is a heat map of gene expression, with green being less gene activation and red
being more gene activation. This compares metformin and INK-128 with and without insulin
addition. Arrows are a more descriptive way of showing the relative changes.
PR: Overall, there is similarity between metformin and INK, with metformin downregulation of
genes is more potent than insulin.
[1E&F] [E] shows the upregulation of particular genes - how much they are upregulated with
metformin and INK128, and [F] is how much downregulation of set genes with metformin and
INK-128.

Take Away: Metformin reduces mTORC1 activity and reduces
downstream signaling of mTORC1, as well as shares many of the gene
signatures as an mTORC inhibitor. It also inhibits fat synthesis.
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Signaling Protein Guide
- Phospho-ACC inhibits fat synthesis and induces fat oxidation.
- S6K does increases protein synthesis when phosphorylated by
mTOR.
- S6 is part of a ribosomal subunit that is phosphorylated to promote
protein synthesis.
- ULK is phosphorylated my mTOR, leading to reduced autophagy, if
phospho is on 757 - it is increased autophagy with phospho-S555.
- DEPTOR interacts with mTORC and reduces mTORC activity.
- STAT3 is a transcription factor that binds genes and allows or
disallows their expression.
- 4EBP1 binds eIF and inhibits protein synthesis, when 4EBP1 is NOT
phosphorylated.
- eIF initiates protein synthesis.

Figure 2
[2A] This the gene sequence of the genetic manipulation they made in the RAPTOR protein
(which is part of the mTORC complex and can be phosphorylated by AMPK, deactivating mTOR).
They use CRISPR to target a region of mouse DNA in exon 19 and exon 20 of the RAPTOR gene
and mutate two serine amino acids to alanine amino acids (red letters), lending the
phosphorylation of RAPTOR by AMPK impossible. The guide RNA that binds a nearby DNA
section is labeled in blue. Italicized lettering above the gene sequence are the cut sites.
[2B] Looking at protein amount of RAPTOR (phosphorylated or not) in the wild type mice livers
(intact RAPTOR) or RAPTOR mutated mice (AA/AA).
PR: RAPTOR is present and phospho-RAPTOR is present in the wild type mice, but only
unphosphorylated RAPTOR is present in RAPTOR mutant mice.
[2C] Same experiment as [2B], but looking at mTORC activated downstream signaling proteins
and AMPK activated proteins.
PR:
- RAPTOR mutation (AA/AA) leads to diminished phosphorylation of RAPTOR.
- RAPTOR mutation does not affect TSC.
- RAPTOR mutation increases ACC phosphorylation (blocking fat synthesis, presumably).
- RAPTOR mutation had not effect on AMPK.
- RAPTOR mutation increases phosphorylation of ULK (decreasing autophagy)
- RAPTOR mutation decreases phosphorylation of S6K???
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and AMPK activated proteins.
PR:
- RAPTOR mutation (AA/AA) leads to diminished phosphorylation of RAPTOR.
- RAPTOR mutation does not affect TSC.
- RAPTOR mutation increases ACC phosphorylation (blocking fat synthesis, presumably).
- RAPTOR mutation had not effect on AMPK.
- RAPTOR mutation increases phosphorylation of ULK (decreasing autophagy)
- RAPTOR mutation decreases phosphorylation of S6K???
- RAPTOR mutation increases S6 phosphorylation.
- RAPTOR mutation has little effect on DEPTOR.
[2D] This is the same experiment (looking at protein levels) as [2B] and [2C], but the addition of
saline (as a control) or metformin, to the mice, before liver collection.
PR:
- Metformin enhances RAPTOR phosphorylation only in normal liver cells (+/+).
- Metformin increases phosphorylation of TSC, but not as much in RAPTOR mutated cells.
- Metformin does not increase ACC phosphorylation (maintaining status for fat synthesis).
- Metformin increases AMPK phosphorylation.
- Metformin decreases RAPTOR mutation induced phosphorylation of ULK.
- Metformin reduces S6K.
- Metformin reduces S6 phosphorylation.
- Metformin reduces 4EBP1 phosphorylation.
- Metformin massively increases RAPTOR phosphorylation in wild type, but not mutated condition.
- Metformin increases TSC2 phosphorylation/activation.

Take Away: Mutating RAPTOR so it cannot be phosphorylated and inactivated leads to
some greater expression of mTORC signaling, but metformin blocks this signaling in a RAPTOR
independent and dependent manner.

Figure 3
The researchers have generated mice that have a liver inducible knockout of TSC2 (which controls RHEB, which
controls mTORC) known as TSC2, as well as their previous RAPTOR mutant mouse (AA), and a mouse that is a
combination (AA:T). Then, again, they added metformin for 2 hours or 5 hours at varying concentrations. They are
looking at AMPK downstream targets, and mTORC downstream targets (protein levels).
[3A] This is the protein levels in fasted livers, refed for 1 hour, and metformin or saline (no metformin) added for 2
hours.
PR:
- Metformin still increases phosphorylation of RAPTOR in wild type (unmanipulated) mice, as well as TSC knockout
mice.
- TSC2 protein levels are nonexistent for both TSC knockout mice, as expected.
- Greater phosphorylation of ULK with TSC absent than wild type, but not when RAPTOR is mutated.
- AMPK is phosphorylated by metformin addition.
- Metformin does not inhibit mTORC downstream targets when TSC is knocked out.
[3B] This is the same as [3A], but with metformin for 2 hours or 5 hours at varying concentrations (0, 1, 2 mM).
PR:
- ULK is phosphorylated (which inhibits autophagy if phospho by mTORC, but this site - S555 - is pro-autophagy by
AMPK) when TSC is knocked out, but only in the first 2 hours - it is no longer phosphorylated over a 5 hour period,
nor is the unphosphorylated version present.
- AMPK is more phosphorylated with 5 hour exposure to metformin, in all conditions.
- Downstream targets of mTORC are inhibited by longer exposure (5 hours) to higher concentrations of metformin
(2mM).
[3C] This is similar to [3A] and [3B], but in a fasting state (serum starved) or with the addition of insulin and addition of
metformin for 2 hours.
PR:
- Phosphorylation of RAPTOR is highly elevated with insulin addition and metformin and when TSC is knocked out
(with metformin).
- Unphosphorylated RAPTOR seems unaffected.
- ACC (enzyme that generates malonyl CoA from acetyl CoA for fat synthesis is inhibited by phosphorylation by
AMPK) is phosphorylated highly with metformin, especially when TSC is not present and RAPTOR is mutated (T and
AT on the figure). This effect, in TSC and RAPTOR mutant, is not seen with insulin addition, although there is still an
elevation of ACC with metformin.
- Phosphorylated AMPK is highly present anytime metformin is added.
- Downstream targets S6K, 4EBP1, and S6 are not phosphorylated with metformin addition, unless TSC is knocked
out.
- Some rescue of phosphorylation of these mTORC downstream targets is rescued by insulin addition.
[3D] Same as [3C], but with metformin added for 5 hours instead of 2 hours and with an added condition of INK
(mTORC inhibitor).
PR:
- Metformin leads to phosphorylation of RAPTOR, but only when RAPTOR is unmutated.
- TSC is more present with insulin.
- Phospho-ACC is elevated when TSC is knocked out and more so with insulin.
- Phospho-AMPK is elevated with metformin, again.
- mTORC downstream proteins is not phosphorylated as much with metformin, but some is rescued with insulin
addition and when TSC is knocked out.

Take Away: In fed state, Metformin works through the phosphorylation of
RAPTOR in a TSC independent manner. Metformin has no effect on fat
oxidation/use. Metformin also increases autophagy (by increased phosphoULK and phospho-AMPK.)
In fasted state, Metformin inhibits fat synthesis (implying more fat
oxidation/use). Also, metformin increases autophagy (by phospho-ULK and
phospho-AMPK).
With insulin present, metformin inhibits fat synthesis and increases
phospho-AMPK.
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Figure 4
[4A] Researchers are looking at total protein synthesis in mouse liver (pre-treated with insulin) completely intact, with
a RAPTOR mutation, a TSC knockout, both a RAPTOR mutant and TSC knockout, AMPK knockout, and intact liver
treated with mTORC inhibitor (INK). All with or without metformin.
PR:
- Metformin reduces protein synthesis.
- TSC knockout maintains protein synthesis.
- Raptor mutant + TSC knockout reduces protein synthesis again with metformin.
- AMPK knockout reduces protein synthesis with metformin.
- mTORC inhibitor reduces protein synthesis.
[4B] 4EBP1, when dephosphorylated, attaches to eIF (protein translation initiator) on its methylguanosine (mGTP),
which binds mRNA (when 4EBP1 is not bound) and initiates protein synthesis/translation (however, with 4EBP1
bound, it cannot start translation). This is looking at protein levels in the [4A] liver conditions of 4EBP1 and eIF.
PR:
- WT (intact liver, unmanipulated) increases 4EBP1 amount with metformin.
- eIF remains pretty consistent across liver manipulations.
- RAPTOR mutation stays about the same as wild type (WT).
- TSC knockout reduces 4EBP1, but slight bump from metformin, still.
- RAPTOR mutant and TSC knockout lead to loss of 4EBP1, nullifying metformin's effects.
- AMPK knockout does not increase or decrease 4EBP1.
- WT with INK (mTORC inhibitor) increases 4EBP1.
[4C] Polysome profiling of genes (protein translation) at least 1.5 fold lower or greater expression with metformin
addition in each liver condition (described in [4A]).
PR:
- There is an overall depression of translation efficiency with metformin treatment in wild type mice liver.
- All conditions had elevated translation ability compared to wild type, with metformin addition, with the greatest
coming from the RAPTOR mutant + TSC knockout.
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Figure 5
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Figure 5
[5A] Looking at the gene expression (between untreated
liver and metformin treated) in each condition (WT: Normal
liver; AA: RAPTOR mutation; T: TSA knockout; AA:T:
RAPTOR mutant + TSA knockout; Ampk: AMPK knockout,
WT (INK vs UT): Normal liver with mTORC inhibitor. Red is
more expression, green is less expression.
PR:
- Greatest difference in HIF related genes came from
RAPTOR mutant + TSC and AMPK knockout.
- Greatest difference in SREBP (fat metabolism) related
genes came from the AMPK knockout liver.
[5B] Gene reduction in expression with metformin or
mTORC inhibitor addition.
[5C] Same as [5A], but with STAT3 associated genes.
PR:
- Increases in total gene expression on TSC knockout,
RAPTOR mutant + TSC knockout, and AMPK knockout.
[5D] mRNA expression of select STAT3 genes in wild type
liver cells with metformin, DMSO (negative control), and
STAT3 inhibitor (S3I-201).
PR:
- Metformin and STAT3 inhibit most of the STAT 3 gene
expression.
[5E] STAT3 genes (like [5C]), but with the conditions of
[5A] - I get exhausted re-writing this stuff all the time…
[5F] Protein expression of STAT proteins in same
conditions as [5E] and [5A].
PR:
- Metformin reduces STAT3 and phospho-STAT3 in wild
type liver, but not when RAPTOR is mutated and TSC is
knocked out, as well as when AMPK is knocked out.
- Metformin increases STAT1 and phospho-STAT1.
- Metformin reduces phosphorylation of S6K, but not when
TSC is absent or AMPK is absent.

Figure 5D-F
[5D] Intrigued by data from [5C], the
researchers assayed a few key
STAT3 dependent gene expression
in the presence of a STAT3 inhibitor
(S3I-201). Metformin and STAT3
inhibitor had similar effects across
these genes.
[5E] Looking at the genes further,
there was downregulation of certain
base STAT3 genes with mTORC
hyperactivity as evidenced by TSC
knockout and AMPK knockout.
[5F] mTORC phosphorylates STAT1
&3, so they looked at protein levels
of STAT1 and STAT3
phosphorylation in the previously
described hepatocyte conditions with
and without metformin and INK.
They showed STAT3
phosphorylation is reduced by
metformin in a TSC, RAPTOR, and
AMPK dependent manner.
No huge differences in STAT1 slight increases in TSC and
RAPTOR mutant in a metformin
independent way.
Loss of phospho-S6K with metformin
addition that is dependent on TSC
and an expected decrease with the
INK condition.

Densitometry (bar graphs of 5F) says:
- Metformin has no effect, but mTORC inhibitor does (likely)
on S727 phosphorylation of STAT3
- Only RAPTOR mutant + TSC knockout leads to increased
Y705 phosphorylation of STAT3.

STAT1 and 3 are regulator of
interferon Beta
mTOR activity is associated with
decreased STAT1 and increased
STAT3 expression, so they focused
on STAT3
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Signaling Protein Guide
- Phospho-ACC inhibits fat synthesis and induces fat oxidation.
- S6K does increases protein synthesis when phosphorylated by
mTOR.
- S6 is part of a ribosomal subunit that is phosphorylated to promote
protein synthesis.
- ULK is phosphorylated my mTOR, leading to reduced autophagy, if
phospho is on 757 - it is increased autophagy with phospho-S555.
- DEPTOR interacts with mTORC and reduces mTORC activity.
- STAT3 is a transcription factor that binds genes and allows or
disallows their expression.
- 4EBP1 binds eIF and inhibits protein synthesis, when 4EBP1 is NOT
phosphorylated.
- eIF initiates protein synthesis.

Figure 6
[6A] THIS IS IN INTACT LIVER, NOT LIVER CELLS ALONE. Looking
at the protein expression (between untreated liver and metformin
treated) in each condition (WT: Normal liver; AA: RAPTOR mutation; T:
TSA knockout; AA:T: RAPTOR mutant + TSA knockout; Ampk: AMPK
knockout, WT (INK vs UT): Normal liver with mTORC inhibitor.
PR:
- WT increases RAPTOR phosphorylation with metformin, as well as
TSC2 knockout.
- TSC2 is increased with metformin, but lost in knockouts (including
AMPK knockout)
- WT increases phospho-ACC with metformin addition and reduces in
RAPTOR mutant (seems metformin independent, however), and nonexistent when AMPK is knocked out.
- WT reduces phospho-S6K with metformin addition, also with
RAPTOR mutant and TSC knockout (with metformin).
- Phospho-4EBP1 (inactive form, therefor does not impede protein
synthesis) is reduced with metformin, unless RAPTOR is mutated and
TSC is not present, or AMPK is knocked out.
- Phosph0-STAT3 is reduced by metformin, but not when both TSC is
knocked out and RAPTOR is mutated.
[6B] Again, looking at gene expression for a variety of cell processes
with the addition of metformin.
[6C] Gene expression of HIF related genes (Green is less, Red is
more).
[6D] Gene expression of STAT3 genes. (Green is less, Red is more).
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Figure 7
Metformin leads to reductions in STAT3 signaling,
which lowers inflammatory signals. It also increases
AMP, which activates AMPK, which phosphorylates
TSC to inhibit Rheb from activating mTORC, which
inhibits STAT3, HIF, S6K. Activated AMPK also
phosphorylates RAPTOR on mTORC, which inhibits
mTORC.
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