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Abstract

We previously proposed that LYR motif containing 1 (LYRM1)-induced mitochondrial reactive oxygen species (ROS) production
contributes to obesity-related insulin resistance. Metformin inhibits ROS production and promotes mitochondrial biogenesis in
specific tissues. We assessed the effects of metformin on insulin resistance in LYRM1-over-expressing 3T3-L1 adipocytes.
Metformin enhanced basal and insulin-stimulated glucose uptake and GLUT4 translocation, reduced IRS-1 and Akt phosphor-
ylation and ROS levels, and affected the expression of regulators of mitochondrial biogenesis in LYRM1-over-expressing adipo-
cytes. Metformin may ameliorate LYRM1-induced insulin resistance and mitochondrial dysfunction in part via a direct antioxidant

effect and in part by activating the adenosine monophosphate-activated protein kinase (AMPK)-PGC1/NRFs pathway.
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Introduction

Insulin resistance is an early and important defect related to
obesity and type-2 diabetes (T2D) which is defined as a
diminished ability of the cells or tissues to respond to
physiological levels of insulin. To date, the molecular and
cellular mechanisms underlying insulin resistance have
remained elusive. Mitochondrial dysfunction is increas-
ingly believed to play a crucial role in the pathogenesis of
obesity-related diabetes." Mitochondrial defects can be
induced by increased accumulation of reactive oxygen spe-
cies (ROS), and additionally, numerous studies have shown
that ROS are often involved in the onset and progression of
insulin resistance.>* It is noteworthy that antioxidant sup-
plements or stimulators of mitochondrial biogenesis may
have beneficial effects on insulin resistance by improving
mitochondrial function or activating the insulin receptor
substrate 1 (IRS-1)/ Akt signal pathway.®"°

In previous research,'! we isolated and characterized a
novel human gene LYRMI (GenBank accession no.
NM_020424), which was expressed at a high level in the
omental adipose tissue of obese patients. We demonstrated
that over-expression of LYRM1-induced insulin resistance,
and also led to excessive production of ROS, reduced ATP
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synthesis, decreased the mitochondrial membrane poten-
tial, and induced an abnormal mitochondrial morphology
in 3T3-L1 adipocytes.'? A previous report showed that treat-
ment with o-Lipoic acid (LA), a natural antioxidant, pro-
tected against LYRM1-induced insulin resistance, partially
via its capacity to restore mitochondrial function and/or
increase the phosphorylation of IRS-1 and Akt.” Taken
together, these results suggest that ROS-induced mitochon-
drial defects play a relevant role in LYRM1-mediated insu-
lin resistance. However, the mechanism by which LYRM1
induces insulin resistance remains unclear, thus further
research to explore the biological function of this gene is
essential.

The antidiabetic agent metformin is thought to increase
the efficacy of glycemic control, primarily by curtailing hep-
atic output and increasing insulin-stimulated glucose
uptake by muscle and fat.'*™ A recent investigation
showed that metformin prevented mitochondrial-driven
oxidative stress by reducing ROS production and
improving mitochondrial biogenesis through activating
the adenosine monophosphate-activated protein kinase
(AMPK)-PGC-1/NRFs axis pathway.>*'%'® We propose
that mitochondrial dysfunction is the origin of LYRMI-
induced insulin resistance in adipocytes. This study was
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undertaken to elucidate the effects and mechanism of action
of metformin on LYRMIl-induced insulin resistance in
adipocytes.

Materials and methods
Cell culture and treatment

The 3T3-L1 preadipocytes were stably transfected with
either an empty expression vector (pcDNA3.1Myc/His B)
or an LYRMI1 expression vector, as described previously.'®
The transfected cells were cultured in DMEM/high-glucose
medium (Gibco, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS; Gibco) and 100 pg/mL neo-
mycin (G418; Roche, Basel, Switzerland) in a 5% CO; in air
humidified atmosphere at 37°C. After reaching complete
confluence (Day 0), the cells were cultured for two days
in DMEM supplemented with 10% FBS, 0.5 mmol/L 3-isob-
uty-1-methylxanthine (MIX; Sigma, St. Louis, MO, USA),
1pmol/L dexamethasone (Sigma) and 10 pg/mL insulin
(Sigma), and 100 pg/mL G418. The medium was then chan-
ged to DMEM supplemented with 10% FBS and 10 ng/mL
insulin for a further two days. Thereafter, the cells were
maintained in DMEM containing 10% FBS and 100 pg/mL
G418, and the media was replenished every two days. Ten
days after the induction of differentiation, more than 90% of
the cells exhibited the typical morphology and biochemical
properties of adipocytes. After overnight incubation in
serum-free DMEM, the cells were pretreated with or with-
out metformin (1 mmol/L or 10 mmol/L, Sigma) for 24 h.

Confocal laser microscopy

The H2-DCFDA probe (Sigma) was used to estimate intra-
cellular ROS levels."” The cells were treated as described in
Section “Cell culture and treatment,” incubated with
5umol/L H2-DCFDA for 30min at 37°C, washed three
times with prewarmed phosphate-buffered saline (PBS),
and then imaged using a confocal laser scanning micro-
scope (Zeiss, Gottingen, Germany).

Flow cytometry

The cells were treated as described in Section “Cell culture
and treatment,” and then incubated with 5umol/L
H2-DCFDA at 37°C. After 30 min, the cultured cells were
trypsinized, centrifuged at 1000 rpm at 4°C for 5 min, then
re-suspended in Krebs-Ringer solution buffered with 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES)
and 0.5% bovine serum albumin (BSA). The cells were ana-
lyzed using a FACScan flow cytometer using CellQuest
software (BD Biosciences, San Jose, CA, USA).

Glucose uptake

Glucose uptake assays were performed using a standard
protocol with minor modifications.'® Stably transfected
cells were cultured in 12-well plates and induced to differ-
entiate into mature adipocytes. The cells were serum-
starved in DMEM containing 0.5% FBS for 3h, washed
twice with PBS, and incubated in KRP-HEPES buffer
(30mmol/L, HEPES [pH 7.4], 10mmol/L NaHCO;,

120 mmol/L NaCl, 4 mmol/L KH,PO,4, 1mmol/L MgSO,,
and 1mmol/L CaCl,) in the presence or absence of
100nmol/L insulin for 30min at 37°C. Labeled 2-deoxy-
D-glucose was added at a final concentration of
2 uCi/mL. After 10 min at 37°C, the reaction was terminated
by washing three times with ice-cold PBS supplemented
with 10 mmol/L D-glucose. The cells were solubilized by
adding 200 pL. 1mol/L of NaOH to each well and aliquots
of the cell lysate were transferred to scintillation vials for
radioactivity counting. The remainder of the lysate was
used for the protein assay with the bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA).
Radioactivity counts were normalized to the protein con-
centration of each sample.

Western blotting

Transfected cells were induced to mature into adipocytes as
described in Section “Cell culture and treatment.” After
stimulation with metformin for 24 h, the cells were starved
for 3h and then incubated with 100 nmol/L insulin for
30min. Total and phosphorylated proteins were extracted
using the nuclear protein and cytoplasm protein extraction
kit (Beyotime, Hangzhou, China) according to the instruc-
tions provided by the manufacturer. Plasma membrane
(PM) proteins were extracted using the eukaryotic mem-
brane protein extraction reagent (Pierce). Protein concentra-
tions were quantified using the BCA protein assay kit
(Pierce) in accordance with the manufacturer’s instructions.
Proteins (30pg/lane) were separated by 10% sodium
dodecyl sulfate-polyacrylamide electrophoresis (SDS-
PAGE) and transferred onto nitrocellulose membranes.
The membranes were blocked with Tris-buffered saline
Tween-20 (TBST) buffer (50mM Tris, pH 7.5, 150 mM
NaCl, 0.01% Tween-20) containing 5% BSA for 1h at room
temperature and then incubated at 4°C overnight in TBST
buffer containing the primary antibodies. The membranes
were then washed three times with TBST for 15 min, incu-
bated with horseradish peroxidase-conjugated secondary
antibodies for 1h at room temperature, washed four times
with TBST buffer for 10min, and developed using an
enhanced chemiluminescence (ECL) kit (Amersham,
Piscataway, NJ, USA).

The primary polyclonal glucose transporter 4 (GLUT4)
antibody and horseradish peroxidase-conjugated second-
ary antibody were purchased from Santa Cruz
Biotechnology (1:500; Santa Cruz, CA, USA). Anti-B-actin
and anti-IRS-1 antibodies were purchased from Cell
Signaling Technology (1:1000 and 1:500, respectively;
Danvers, MA, USA). The phospho-specific polyclonal anti-
body against IRS-1 (Tyr612) was obtained from Biosource
(1:500; Camarillo, CA, USA). Antibodies against Akt and
phosphorylated AKT were obtained from Kangchen
(1:1000; Shanghai, China). Rabbit polyclonal antibodies
against peroxisome proliferator-activated receptor gamma
coactivator 1-a (PGC 1-a), PGC 1-8, mitochondrial DNA
transcription factor A (TFAM), and mouse monoclonal anti-
bodies against nuclear respiratory factor-1 (NRF-1) and
NREF-2 were purchased from Abcam Inc. (Cambridge, CA,
USA).



Statistical analysis

Each experiment was performed at least three times. All
data are expressed as means +standard deviation (SD).
Statistical analysis was performed using one-way analysis
of variance (ANOVA) with the SPSS 16.0 statistical software
package (SPSS Inc., Chicago, IL, USA). The threshold of
significance was defined as P <0.05.

Results

LYRM1 over-expression-induced reductions in
insulin-stimulated glucose uptake and GLUT4
translocation are reversed by metformin

Studies have demonstrated that insulin stimulates glucose
transport into adipocytes, by inducing translocation of the
insulin-responsive glucose transport protein GLUT4 from
intracellular storage to the PM.' LYRM1 and empty vector
stably transfected 3T3-L1 preadipocytes were induced to
differentiate, then treated with or without metformin
(Immol/L and 10mmol/L). Over-expression of LYRM1
led to insulin resistance, as indicated by decreased insu-
lin-stimulated glucose uptake (Figure 1), and downregu-
lated GLUT4 translocation to the PM in response to
insulin (Figure 2). However, basal glucose uptake
(Figure 1) and the total GLUT4 protein content (Figure 2)
did not significantly alter in LYRM1-over-expressing adipo-
cytes relative to empty vector control cells. Pretreatment of
LYRM1-over-expressing adipocytes with 1mmol/L or
10mmol/L metformin strikingly enhanced baseline and
insulin-stimulated glucose uptake (Figure 1), and 10
mmol/L metformin significantly increased GLUT4 trans-
location to the PM compared to untreated LYRM1I-over-
expressing adipocytes (Figure 2). It is noteworthy that
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Figure 1 Effect of metformin (Met) on glucose uptake in LYRM1-over-
expressing adipocytes. 3T3-L1 preadipocytes stably transfected with an empty
expression vector (p.cDNA3.1) or LYRM1 expression vector (LYRM1-pcDNA3.1)
were induced to differentiate as described in Section “Cell culture and treat-
ment.”” Ten days after differentiation, the mature adipocytes were incubated in
serum-free DMEM overnight and then stimulated with or without metformin (1 or
10mM) for 24 h. Uptake of 2-deoxy-D-[3H] glucose was measured as described
in Section “Glucose uptake.” Values shown are the mean + SD of three inde-
pendent experiments performed in triplicate. *P < 0.01 vs. pcDNA3.1 adipocytes;
#P <0.01 vs. insulin-stimulated LYRM1-pcDNA3.1 adipocytes

metformin protected against the impairments in glucose
uptake and GLUT4 translocation to the PM induced by
LYRMI.

Effects of metformin on insulin-stimulated
phosphorylation of insulin-signaling molecules in
LYRM1-over-expressing adipocytes

Our previous study showed that over-expression of LYRM1
inhibits glucose transport in rat skeletal muscles via attenu-
ating the phosphorylation of PI3K and Akt.?° Metformin is
known to increase glucose uptake into human ovarian gran-
ulosa cells by activating the PI3K/ Akt pathway®; however,
metformin increases glucose uptake in human adipocytes
by activating the AMPKo pathway.” Next, we investigated
the protein expression levels and phosphorylation of IRS-1
and Akt in differentiated LYRM1 and empty vector stably
transfected adipocytes, either when untreated or treated
with metformin. As shown in Figure 3, over-expression of
LYRMT1 considerably downregulated the insulin-stimulated
phosphorylation of IRS-1 and Akt, whereas pretreatment
with 10mM metformin strongly activated IRS-1 and Akt
phosphorylation in LYRMI-over-expressing adipocytes.
Metformin had no significant effects on the total protein
contents of these signaling molecules.
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Figure 2 Effect of metformin (Met) on GLUT4 translocation in LYRM1-over-
expressing adipocytes. 3T3-L1 preadipocytes stably transfected with an empty
expression vector (ocDNA3.1) or a LYRM1 expression vector (LYRM1-
pcDNA3.1) were induced to differentiate as described in Section “Cell culture
and treatment.” Ten days after the induction of differentiation, the mature adi-
pocytes were incubated in serum-free DMEM overnight and then stimulated with
or without metformin (1 or 10 mM) for 24 h. Membrane and total proteins were
extracted from the differentiated cells after incubation with 100 nM insulin for
30 min. Western blotting was performed using antibodies against GLUT4;
quantification of protein expression was based on grayscale analysis. Values
shown are the mean 4 SD of three independent experiments performed in trip-
licate. **P < 0.01 vs. pcDNA3.1 adipocytes; P < 0.01 vs. insulin-stimulated
LYRM1-pcDNAS3.1 adipocytes
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Figure 3 Effect of metformin (Met) on IRS-1 and Akt phosphorylation in LYRM1-over-expressing adipocytes. 3T3-L1 preadipocytes stably transfected with an empty
expression vector (ocDNA3.1) or a LYRM1 expression vector (LYRM1-pcDNA3.1) were induced to differentiate as described in Section ““Cell culture and treatment.”
Ten days after the induction of differentiation, the mature adipocytes were incubated in serum-free DMEM overnight and then stimulated with or without metformin (1 or
10 mM) for 24 h. Total and phosphorylated proteins were extracted from differentiated cells after incubation with 100 nmol/L insulin for 30 min, and Western blotting was
performed; quantification of protein expression was based on grayscale analysis. Values shown are the mean + SD of three independent experiments performed in
triplicate. *P < 0.01 vs. pcDNAS.1 adipocytes; #P <0.01 vs. insulin-stimulated LYRM1-pcDNA3.1 adipocytes

Increased ROS levels due to LYRM1 over-expression
are prevented by metformin

Endogenous ROS are mainly generated in the mitochon-
dria. Importantly, a causative role for ROS in mitochondrial
dysfunction and obesity-related insulin resistance has been
suggested.*>*" Consistent with our previous study,'” the
levels of ROS in LYRM1-over-expressing adipocytes were
significantly increased relative to the empty vector control
cells; however, treatment with metformin (1nmol/L or
10nmol/L) for 24h significantly decreased the levels of
ROS in LYRMI-over-expressing adipocytes (Figure 4).
These results indicate that metformin reduces the oxidative
stress induced by over-expression of LYRM1 by inhibiting
the generation of ROS.

LYRM1-induced defects in mitochondrial biogenesis
are reversed by metformin

Our previous studies revealed that over-expression of
LYRM1 induced mitochondrial impairment in mature adi-
pocytes and skeletal myotubes.u’20 PGCl1-a, PGC1-B, NRF1,
NRF2, and TFAM can be measured as major sensors and
regulators of mitochondrial oxidative phosphorylation
(OXPHOS) function and/or mitochondrial biogenesis.”***
Furthermore, there is considerable circumstantial evidence
to suggest that metformin directly normalizes intracellular
ROS generation,'®* and promotes mitochondrial biogen-
esis, at least in part by activating the AMPK-PGC1/NRF
pathway.'*?*% Figure 5 demonstrates the effects of metfor-
min on the expression of mitochondrial biogenesis regula-
tors in LYRM1-over-expressing cells. PGC1-o. and PGC1-f
protein expressions were markedly upregulated in LYRM1-
over-expressing adipocytes compared to empty vector con-
trol cells. Conversely, NRF1 and NRF2 protein expressions

were downregulated in LYRM1-over-expressing adipocytes
compared to empty vector control cells, whereas the levels
of TFAM protein expression decreased slightly. Treatment
with metformin decreased the protein expressions of PGC1-
o, PGC1-B, and increased the protein expressions of NRF1,
NRF2, and TFAM in LYRM1-over-expressing adipocytes.

Discussion

We previously reported that over-expression of LYRM1
induced mitochondrial defects in adipocytes, which may
be responsible for the development of LYRM1-mediated
insulin resistance.”’? Metformin is a widely prescribed
drug for the treatment of T2D which improves glycemic
control, mainly through the inhibition of hepatic glucose
output and stimulation of glucose disposal in the target
tissues.>'*?® Despite the fact that it is routinely prescribed,
metformin has also been reported to reduce oxidative stress
via exerting antioxidant activity and promote mitochon-
drial biogenesis via activation of the AMPK-PGC-1/NRFs
p.'a’chway.w'z‘r"%'29 On the basis of these observations, we
investigated the effects of metformin on indicators of oxi-
dative stress and mitochondrial biogenesis (intracellular
ROS, PGCl-a, PGC1-B, NRF-1, NRF-2 and TFAM) in
LYRM1-over-expressing adipocytes.

Uncontrolled elevated levels of ROS can potentially
result in oxidative damage within the mitochondria and
compromise mitochondrial function. ROS and mitochon-
drial dysfunction have been implicated in the etiology of
insulin resistance.*>*' In addition, pharmacological agents
that can reduce ROS generation and/or promote mitochon-
drial biogenesis may have valid beneficial effects against
insulin resistance and its complications.®”?* PGC-1 is a
major regulator of energy metabolism and mitochondrial



Qin et al. Metformin reverse LYRM1-induced insulin resistance

intracdlular ROS Relative fluorescence intawity

1mM 10mM

(b)

LYRMI1-pcDNA3.1

1mM 10mM

pcDNA3.1

LYEMI1-pcDNA3.1

Figure 4 Effect of metformin (Met) on the ROS levels in LYRM1-over-expressing adipocytes. 3T3-L1 preadipocytes stably transfected with an empty expression
vector (pcDNA3.1) or a LYRM1 expression vector (LYRM1-pcDNAS.1) were induced to differentiate as described in Section “Cell culture and treatment.” Ten days after
the induction of differentiation, the mature adipocytes were incubated in serum-free DMEM overnight and then stimulated with or without metformin (1 or 10 mM) for
24 h. ROS levels were determined by detection of the probe H2-DCFDA using a FACScan flow cytometer (a), or a confocal laser scanning microscope at x400
magnification (b). Values shown are the mean + SD of three independent experiments performed in triplicate. *P < 0.01 vs. pcDNA3.1 adipocytes; P < 0.01 vs. insulin-
stimulated LYRM1-pcDNA3.1 adipocytes. (A color version of this figure is available in the online journal.)

biogenesis, which binds to and co-activates the transcrip-
tional activity of the NRFs on the promoter for the mito-
chondrial transcription factor A (TFAM).'%?*>%73%31 TEAM
is a direct regulator of mitochondrial DNA (mtDNA) tran-
scription and replication.*" Contrary to what others have
shown in this field, in that metformin normalized the
levels of mtROS through activation of the PGC-1/NRFs
axis pathway,'"**" we found that the intracellular levels
of ROS, PGC-1a, and PGC-1f expressions were markedly
increased in LYRM1-over-expressing adipocytes, and were
all decreased by metformin. PGC-lo. over-expression
caused hepatic insulin resistance, manifested by higher glu-
cose production and diminished insulin suppression of glu-
coneogenesis; meanwhile, PGC-la  over-expression
improved muscle insulin sensitivity, as evidenced by ele-
vated insulin-stimulated Akt phosphorylation and periph-
eral glucose disposal.®* Importantly, high levels of PGC-1
expression may actually reduce glucose oxidation and lead
to the accumulation incomplete oxidation products,
which may further decrease insulin sensitivity.>***%*
Mitochondrial function is impaired in LYRM1-over-expres-
sing adipocytes'?; therefore, we speculate that PGC-1
expression is probably upregulated as a transient compen-
satory response to increased ROS levels, and potentially
decreased by metformin due to the ability of metformin to
modulate ROS levels. The PGC-1-related co-activators, the
NREFs, bind specifically to the TFAM promoter and are crit-
ical for the regulation of mitochondrial oxidative activity
and biogenesis.zz’31 In addition, metformin is reported to

reduce mtROS by induction of manganese superoxide dis-
mutase (MnSOD) and promote mitochondrial biogenesis
via activating the AMPK-PGC-1/NRFs pathway.'*?
Another important finding of this study is that LYRM1 sig-
nificantly reduced the expression of the NRFs and moder-
ately reduced TFAM expression in adipocytes; however,
metformin increased expression of the NRFs and TFAM in
adipocytes. This result confirms that LYRM1 induces mito-
chondrial defects, and that increased levels of ROS might be
a unifying mechanism that promotes mitochondrial alter-
ations, which can be reversed by metformin. Although
these considerable observations cannot be readily
explained, one may conceive that the protective effect of
metformin could be mediated, at least in part, via the
recently reported antioxidant features of this insulin-sensi-
tive drug,®*>** as well as its ability to activate mitochon-
drial biogenesis.'®***”** Based on our previous findings
that LYRM1 plays an important role in the generation of
mitochondrial defects and the pathogenesis of obesity-
related insulin resistance by blocking the IRS1/PI3K/Akt
insulin axis pathway,”?® we investigated whether thera-
peutic concentrations of metformin (1 and 10 mmol/L)*?
could reduce insulin resistance by improving mitochon-
drial function.

In 2007-2008, a large population-based study among
adults 20 years of age or older revealed that the prevalence
of diabetes and prediabetes in China was 9.7% and 15.5%,
respectively.”® Although the precise factors which lead to
insulin resistance have not yet been elucidated, there is
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Figure 5 Effects of metformin (Met) on the protein expression levels of PGC1-o, PGC1-B, NRF1, NRF2, and TFAM in LYRM1-over-expressing adipocytes. The
mature adipocytes were incubated in serum-free DMEM overnight and then stimulated with or without metformin (1 or 10 mM) for 24 h. The protein expression levels of
PGC1-a (a), PGC1-B (b), NRF1 (c), NRF2 (d), and TFAM (e) were analyzed by Western blotting and normalized to the levels of f-actin; quantification of protein expression
was based on grayscale analysis. Values shown are the mean + SD of three independent experiments performed in triplicate. *P < 0.01 vs. pcDNA3.1 adipocytes;
#P <0.01 vs. insulin-stimulated LYRM1-pcDNA3.1 adipocytes



growing evidence to indicate a causative link between
excessive ROS generation and mitochondrial dysfunction
in obesity-related insulin resistance.*>?! Insulin-stimulated
glucose uptake is mediated by the translocation of GLUT4
from intracellular vesicles to the PM of adipocytes.'® The
insulin-signaling axis pathway is a complex network, and
the PI3K/ Akt pathway is essential for insulin-dependent
translocation of GLUT4 from the intracellular pool to the
PM.?%3¢ Hence, multiple defects at many potential levels of
insulin signal transduction have been indicated as a mech-
anism underlying insulin resistance.>?” In parallel with our
previous results,”*® over-expression of LYRM1 reduced
insulin-stimulated glucose uptake by decreasing GLUT4
translocation to the PM, which could be reversed by met-
formin (10 mM) pretreatment. Another potentially interest-
ing finding of this study was that 10mM metformin
considerably increased the insulin-stimulated tyrosine
phosphorylation of IRS1 and serine phosphorylation of
Akt, which were markedly decreased in LYRM1I-over-
expressing 3T3-L1 adipocytes. This observation suggests
that metformin may directly or indirectly interact with mul-
tiple levels of the insulin-mediated signaling cascade in
various cells.#*®% In line with these previous studies, we
observed that pharmacological concentrations of metfor-
min could reverse both the reduced activation of insulin-
signaling molecules and GLUT4 translocation observed in
LYRM1-over-expressing adipocytes. However, other stu-
dies have shown that metformin had no effect on the insu-
lin-mediated signaling cascaded in human adipocytes of
type 2 diabetic and in fish skeletal muscle cells.”***’ In
the present study, it was difficult to determine if metformin
exerted direct actions on the IRS1/PI3K/Akt-signaling
transduction pathway in LYRM1-over-expressing 3T3-L1
adipocytes; further study is required to elucidate if metfor-
min directly affects the IRS1/PI3K/ Akt-signaling transduc-
tion pathway in LYRMI-over-expressing 3T3-L1
adipocytes. However, it should be noted that the changes
in the phosphorylation of IRS1 and Akt associated with
metformin pretreatment were accompanied by alterations
in the levels of ROS and mitochondrial biogenesis indica-
tors, all of which are affected by LYRM1.

Consequentially, increased levels of ROS impair mito-
chondrial function; yet mitochondrial dysfunction in turn
produced excessive levels of ROS and lipid byproducts,
producing a vicious positive feed-back loop.”*
Additionally, ROS directly impair insulin-signaling cas-
cades via activating various serine kinases that phosphor-
ylate IRS or enhance the degradation of IRS and Akt, which
ultimately contributes to insulin resistance.***’ In add-
ition, antioxidant supplements (metformin, alpha-lipoic
acid, N-acetyl-L-cysteine) or mitochondrial biogenesis
stimulators (metformin, thiazolidinediones) may enhance
insulin sensitivity, at least in part, by improving mitochon-
drial function.*”'>21228 [n this study, the primary markers
of mitochondprial biogenesis were improved by metformin.
Our findings suggest that LYRM1-induced insulin resist-
ance is partially due to the harmful effects of excessive
ROS to the mitochondria in adipocytes.

Overall, this study indicates that LYRM1-induced mito-
chondrial dysfunction may be involved in the development

of insulin resistance in adipocytes. Additionally, metformin
may reverse LYRM1-induced insulin resistance by directly
activating the AMPK-PGC1/NRF axis pathway or indir-
ectly ameliorating the IRS1/ Akt-signaling cascade.
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