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ARTICLE INFO ABSTRACT

Keywords: Type 2 diabetes is a chronic metabolic disease that affects mitochondrial function. In this context, the rescue

M?tformi“ . mechanisms of mitochondrial health, such as mitophagy and mitochondrial biogenesis, are of crucial importance.

x%toci‘mdr‘a The gold standard for the treatment of type 2 diabetes is metformin, which has a beneficial impact on the
itophagy

mitochondrial metabolism. In this study, we set out to describe the effect of metformin treatment on mito-
chondrial function and mitophagy in peripheral blood mononuclear cells (PBMCs) from type 2 diabetic patients.
We performed a preliminary cross-sectional observational study complying with CONSORT requirements, for
which we recruited 242 subjects, divided into 101 healthy volunteers, 93 metformin-treated type 2 diabetic
patients and 48 non-metformin-treated type 2 diabetic patients. Mitochondria from the type 2 diabetic patients
not treated with metformin displayed more reactive oxygen species (ROS) than those from healthy or metformin-
treated subjects. Protein expression of the electron transport chain (ETC) complexes was lower in PBMCs from
type 2 diabetic patients without metformin treatment than in those from the other two groups. Mitophagy was
altered in type 2 diabetic patients, evident in a decrease in the protein levels of PINK1 and Parkin in parallel to
that of the mitochondrial biogenesis protein PGC1la, both of which effects were reversed by metformin. Analysis
of AMPK phosphorylation revealed that its activation was decreased in the PBMCs of type 2 diabetic patients, an
effect which was reversed, once again, by metformin. In addition, there was an increase in the serum levels of
TNFa and IL-6 in type 2 diabetic patients and this was reversed with metformin treatment. These results
demonstrate that metformin improves mitochondrial function, restores the levels of ETC complexes, and en-
hances AMPK activation and mitophagy, suggesting beneficial clinical implications in the treatment of type 2
diabetes.

Type 2 diabetes

1. Introduction membrane depolarization and lower ATP production [5].

To prevent and reduce mitochondrial dysfunction, the cell activates

Type 2 diabetes, which is characterized by hyperglycaemia and
hyperinsulinemia, is the most prevalent metabolic disease worldwide [1,
2]. At the cellular level, these homeostatic deregulations trigger cellular
stress and mitochondrial dysfunction [3,4]. The hallmarks of mito-
chondrial dysfunction are increased ROS production, mitochondrial

coordinated processes that constitute mitochondrial quality control:
mitochondrial dynamics, biogenesis and mitophagy [6,7]. Mitochon-
drial biogenesis is the process of synthesis of new mitochondria, which is
triggered by the transcription factor PPAR-gamma co-activator 1 alpha
(PGCla) after AMP-activated kinase (AMPK) activation. It activates a
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transcriptional programme that includes the mitochondrial transcrip-
tion factor alpha (mTFA) [8].

Mitophagy is a type of selective autophagy that degrades old or non-
functioning mitochondria that are specifically tagged and then degraded
by autophagy [9]. There are different pathways that regulate mitoph-
agy, but one of the most studied relies on PTEN-induced kinase 1
(PINK1) and Parkin proteins [10]. PINK1 is an outer mitochondrial
membrane protein that is continuously degraded. If phosphorylated, it is
stabilised and interacts with Parkin, an E3 Ubiquitin ligase that marks
mitochondria for degradation. Autophagy carriers, such as the neigh-
bour of BRCA-1 gene protein (NBR1) or sequestosome-1 (SQSTM/p62),
recognize these ubiquitinated proteins. Additionally, other carrier pro-
teins, such as BCL2/Adenovirus E1B 19 kDa protein-interacting protein
3-like (BNIP3L/NIX), can also trigger mitophagy induced by different
stimuli [11]. Mitophagy can be upregulated by active AMPK [12,13] and
the subsequent expression of PGCla and mitochondrial fission factor
(MFF) [12].

Different hypotheses have been put forward in order to explain the
molecular mechanisms that underlie the beneficial effects of metformin
[14,15]. For example, it acts directly on peripheral blood mononuclear
cells (PBMCs) by entering through human organic cation transporter
type 1 (hOCT1), thereby modulating inflammatory response [16,17]
and regulating mitochondrial dynamics [15]. Furthermore, metformin
influences mitochondrial function in type 2 diabetes [17,18]. However,
how metformin regulates mitophagy in PBMCs remains to be
established.

In light of the above context, we hypothesized that PBMCs from type
2 diabetic patients suffer impairment of mitophagy and hampered
mitochondrial function, thus leading to the accumulation of non-
functional mitochondria, and this can be prevented by metformin
treatment.

2. Material and methods
2.1. Subjects

We recruited 101 healthy subjects and 141 type 2 diabetic patients
from the Endocrinology and Nutrition Outpatient’s Department of
University Hospital Doctor Peset, in Valencia (Spain). At recruitment, 93
of the 141 type 2 diabetic patients had received metformin for at least
one year, at a dose of 1700 mg/day. The study was approved by the
hospital’s Ethics Committee for Clinical Investigation (ID: 98/19) and
complied with the principles of the Helsinki declaration, and all the
patients signed an informed consent form. Type 2 diabetes was diag-
nosed according to the criteria of the American Diabetes Association
(ADA). The following inclusion criteria were established: age between
35 and 70 years, and evolution of diabetes over a period of more than 10
years. The following exclusion criteria were established: obesity (BMI
>35 wt (kg)/(height (m))z; history of cardiovascular disorders; and
diagnosis of any autoimmune, infectious, haematological or malignant
disease. Healthy control subjects were recruited thought social media
advertisements, and included individuals who were 35 years or older,
living in Valencia, Spain, with no diagnosed type 2 diabetes.

2.2. Sample collection, anthropometrical and biochemical determinations

All the recruited subjects attended the Endocrinology Service of
University Hospital Dr. Peset after 12 h fasting and had not taken any
anti-inflammatory drug during the previous 24 h. A trained nurse ob-
tained the anthropometrical data and extracted 30 mL of peripheral
blood. BMI was calculated with the formula weight (kg)/height (m?).
The biochemical parameters were obtained as explained in De Maranon
et al. [15]. Information regarding the concomitant medications that the
study participants were taking is included in Supplementary Table 1. No
statistically significant differences were found between the treated
groups with respect to other current medication.
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2.3. Isolation of PBMCs

PBMCs were isolated from 8 mL of EDTA-anticoagulated peripheral
blood by means of an immunomagnetic method (MACSprep Leukocyte
Isolation Kit, human kit, Cat. Number 130-115-169, Milteny Biotech,
Germany), following the manufacturer’s protocol.

2.4. Flow cytometry assay

After erythrocyte lysis with RBC Lysis Solution (MACS, Cat. number
130-094-183, Milteny Biotech, Germany), 200 pl of human PBMCs were
labeled with 5 pL of APC-CD45 antibody (BD pharmingen APC-mouse
anti human CD45. CAT number 555485 BD biosciences, NJ, USA) and
1 pM MitoSox (Thermo-Fisher Scientific, MA, USA). Fluorescence was
measured in a C6 Accuri cytometer (BD Biosciences, NJ, USA) with a
blue laser (488 nm) and FL3 filter (585/40 nm) (mitoSOX Ey/E, = 510/
580). 10,000 cells were analysed in each experiment, and the fluores-
cence registered was relativized to that of an internal control consisting
of U937 cells that had undergone the same protocol.

2.5. Protein expression analysis

Whole-cell proteins were extracted from PBMCs obtained from the
peripheral blood and frozen at —80 °C, following the procedure
explained in de Maranén et al. [15]. Proteins of interest were detected
using specific blocking buffer-diluted primary and secondary antibodies
(see Supplementary Table 2). Protein signals were obtained using
chemiluminescence and the Fusion FX5 (Vilber Lourmat, Marne-La
Vallée, France) imaging system. The signal of each protein was relativ-
ized to a protein pool of U937 cells. In addition, some of the membranes
were cut with the guidance of a molecular weight marker in order to
analyze several proteins in the same experiment.

2.6. Transmission electronic microscopy (TEM)

Whole blood (1 mL) was diluted in Karnovsky solution (1:4) and
incubated for 30 min, after which the PBMCs were separated by means
of the aforementioned protocol. Next, the PBMCs were washed twice,
diluted in 500 pL Karnovsky, and left for 1 h at room temperature. The
sample was then stored at 4 °C until it was processed for TEM. TEM
staining, inclusion and ultrathin sections were performed by the Mi-
croscopy Service of the University of Valencia with the JEM -1010 mi-
croscope (JEOL, Tokyo, Japan) at a magnification of 7000x and a
voltage of 100 kV. The different mitochondrial shape parameters were
measured with ImageJ.

2.7. Analysis of serum cytokines

Serum levels of TNFa and IL-6 were measured with a Luminex® 200
analyzer system (Austin, TX, USA) following the Milliplex® MAP Kit
manufacturer’s procedure (Millipore Corporation, Billerica, MA, USA).
The intra-serial and inter-serial variation coefficients were <5.0% and
<20.0%, respectively.

2.8. Statistical analysis

Normal distribution of the samples was confirmed with the
Kolmogorov-Smirnov test or the Saphiro-Wilk test, depending on sample
size. Normally and non-normally distributed data were expressed as
mean =+ SD and median+(25th-75th percentiles), respectively. One-way
ANOVA and a Tukey post-hoc test were employed to compare the 3
groups. The possible influence of age, BMI or HbAlc was corrected with
ANCOVA (multivariate general linear model). Differences were consid-
ered significant when p < 0.05, with a confidence interval of 95%.
Analysis was performed with SPSS 17.0 (SPSS Statistics Inc., Chicago, IL,
USA), and GraphPad (GraphPad, La Jolla, CA, USA) was used to plot the
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Table 1
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Anthropometric and biochemical parameters of control subjects and type 2 diabetic patients treated or not with metformin.

Control T2D T2D-metformin Age and BMI-corrected p value HbA1c% corrected p value
n 101 48 93
Male% 45 47.92 55
Age (years) 45 +10 60 £ 11* 60 £+ 9*
BMI (Kg/m?) 24.83 + 4.42 29.59 + 5.31* 29.70 + 4.62* -
Waist circumference (cm) 82.69 + 13.49 100.34 + 13.06* 102.38 +11.21* * *
Waist-Hip index 0.83 + 0.09 0.93 + 0.08* 0.96 + 0.07* * *
SBP (mm Hg) 122 + 20.33 142.74 + 20.61* 139.16 + 14.59* * *
DBP (mm Hg) 74.54 +12.07 81.58 + 11.75* 79.33 £ 9.82* * *
Insulin (uUI/mL) 7.42 +5.18 16.58 + 9.37* 16.37 + 12.11% * *
HOMA-IR 1.67 + 1.28 5.56 + 4.06* 5.27 + 4.25% * *
HbA; . (%) 5.27 + 0.30 7.16 + 1.56* 6.66 + 0.69#* *
Glucose (mg/dL) 89.60 + 10.71 135.48 + 40.53* 131.40 + 32.87* * *
cholesterol (mg/dL) 194.28 + 34.77 175.43 + 39.77* 168.21 + 38.56* * *
HDL(mg/dL) 56.15 + 14.11 46.73 + 12.81* 44.34 £+ 10.59* * *
LDL(mg/dL) 118.30 + 28.78 104.38 + 33.53* 97.06 + 33.54* * *
VLDL(mg/dL) 14.5 (11.75-23) 20.5 (15-30)* 24 (18-33.75)* * *
CT/HDL 3.44 +1.02 3.98 +1.19 3.94 +1.12 *

Triglycerides (mg/dL)
Non-HDL Cholesterol

73 (58.5-116)
138.12 + 33.64

102 (76-150)*
129.67 + 36.66

127 (92-169.83)*
123.86 + 37.38*

Mean-+standard deviations are shown in the table for normally distributed data, while the median and the 25th and 75th quartiles are displayed for non-normally
distributed data. Comparisons between groups were made with ANOVA and the Tukey post-test. Non-normally distributed data were compared with the
Kolmogorov-Smirnov test. The influence of age, BMI and HbA1c was tested and corrected with the multivariate linear model correction. *p < 0.05 vs control and {p <

0.05 vs type 2 diabetes.
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Fig. 1. Protein expression of ETC complexes and mitochondrial ROS production in type 2 diabetic patients and control subjects. (A-F). Bar graphs show mea-
surements of the ETC complexes relativized to VDAC protein levels and to an internal control. Representative WB images are shown. Quantification was performed
with at least 20 samples for each group. G) Bar graph showing the median intensity of fluorescence of MitoSOX, relative to the levels of the internal control, assessed
by flow cytometry. H) Representative histogram displaying the three spectra of the analysed groups. Orange histogram represents healthy subjects, blue are type 2
diabetes patients, and red represent type 2 diabetes patients + metformin. Values represent mean + SEM. Comparisons were made with ANOVA and a Tukey post-
hoc test. *p < 0.05 and **p < 0.01 vs Control; *p < 0.05 and *##p < 0.001 vs type 2 diabetes. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. Protein levels of mitophagy and mitochondrial biogenesis-related proteins in PBMCs from type 2 diabetic patients and control subjects. Protein levels relative
to the actin signal of the mitophagy proteins PINK1 (A), Parkin (B), NBR1 (C) and BNIP3L/NIX (D) are shown. Mitochondrial biogenesis-related proteins mTFA and
PGCla are shown in plots E and F, respectively. P-AMPK total and relative levels are displayed in blots G and H. Representative images of the WB experiments are
shown for each assessed protein. Values in the bar charts represent mean + SEM. Quantification was performed using at least 20 samples for each group. Com-
parisons were made with ANOVA and a Tukey post-hoc test. *p < 0.05 vs Control; *p < 0.05 and ##p < 0.01 vs type 2 diabetes.

data with bar graphs to represent the media and standard error of the
mean (SEM).

3. Results and discussion
3.1. Anthropometrical and biochemical parameters

First, we assessed anthropometrical measurements (Table 1), which
reflected the metabolic alterations characteristic of type 2 diabetes.
Regarding insulin metabolism parameters, type 2 diabetic patients
showed higher levels of insulin, HOMA-IR index HbA;.% and glucose
than our healthy subjects. Lipid metabolism perturbations were also
observed, although some were attributed to statin treatment. Previous
studies have demonstrated the benefits of metformin regarding different
parameters, such as levels of glucose, insulin and HOMA-IR [15,19]. In
accordance with such reports, metformin treatment in our type 2 dia-
betic patients reduced HbA;.%, thus demonstrating its capacity to
decrease glycaemia and glucose-related alterations in the long term. We
confirmed that age and BMI were independent factors that did not in-
fluence the rest of the data. Moreover, the differences between the
groups remained when we adjusted the data for HbAlc. In order to
provide information regarding the concomitant medication taken at the
time by the study participants, we have included a summarized table
(Table 1) which shows that there were no statistical differences between
type 2 diabetic patients with or without metformin treatment.

3.2. The effect of type 2 diabetes and metformin on ETC complexes and
mitochondrial oxidative balance in isolated PBMCs

We assessed levels of the different ETC proteins and of a voltage-
dependent anion channel (VDAC) (Fig. 1). VDAC expression did not
change in any of the groups (Fig. 1A). ETC complexes, with the excep-
tion of complex IV, were affected in a similar way: their expression was
reduced in PBMCs from type 2 diabetic patients (Fig. 1B-F), while in
PBMCs from metformin-treated type 2 diabetic patients levels were
comparable to those in healthy subjects’ PBMCs (Fig. 1B-F). In accor-
dance with these results, type 2 diabetes has been related to an
impairment of mitochondrial complexes in studies with animal models
[21], and in subsarcolemmal mitochondria of type 2 diabetic patients’
right atrial tissue [22].

Moreover, we observed that mitochondria from PBMCs of type 2
diabetic patients had more ROS than those of control subjects, and that
treatment with metformin restored mitochondrial ROS levels (Fig. 1G
and H), which reflects the findings of previous research [15,20].
Importantly, excessive levels of ROS can lead to the activation of in-
flammatory pathways [17]. Hence, we hypothesize that metformin di-
minishes leukocyte activation through the reduction of ROS production
and mitochondrial fission - as observed in animal studies [25] - or
through AMPK activation [23,24].

The accumulation of ROS impairs mitochondrial functionality due to
the generation of mtDNA mutations and the accumulation of dysfunc-
tional and “mitophagy-resistant” mitochondria [26,27]. As a conse-
quence, the accumulation of dysfunctional mitochondria is related to
decreased insulin sensitivity and impaired f-cell insulin synthesis and
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Fig. 3. Morphological analysis of mitochondria isolated from PBMCs from type 2 diabetic patients and control subjects. TEM images were analysed with ImageJ.
Area (A), perimeter (B), circularity (C), aspect ratio (D) and roundness (E) were measured in at least 100 mitochondria for each group. (F) Representative images are
shown below the bars. Arrows point to mitochondria characteristic of each group. Values in the bar graphs represent the mean + SEM. Comparisons were made with
ANOVA and a Tukey post-hoc test. *p < 0.05 and ***p < 0.001 vs Control; **#p < 0.001 vs type 2 diabetes.

secretion [28].

3.3. Mitophagy markers are altered in PBMCs from type 2 diabetic
patients and metformin reverses these effects

We next explored whether there was an impairment of mitophagy by
measuring the protein expression of several markers of mitophagy and
mitochondrial biogenesis (Fig. 2). The protein levels of PINK1 and
Parkin (Fig. 2 A, B) were reduced in PBMCs from type 2 diabetic pa-
tients. In metformin-treated patients, the expression of PINK1, Parkin
and NBR1 (Fig. 2C) was significantly higher than in untreated patients.
Protein levels of BNIP3L/NIX (Fig. 2D) did not differ among the three
groups. In line with these data, a significant downregulation of PINK1
transcripts has been observed in skeletal muscle biopsies obtained from
type 2 diabetic patients [35], and reduced mRNA expression of mito-
fusin 2 (MFNZ2), Parkin and PINK1 has been reported in patients with

diabetic nephropathy [29].

In addition, we evaluated levels of mTFA (Fig. 2E) and observed a
non-significant increase of this protein’s expression in type 2 diabetic
patients, which was reduced by metformin treatment. Furthermore, we
analysed PGCla and observed that its levels were markedly decreased in
PBMCs from type 2 diabetic patients, while those from metformin-
treated patients displayed a significant increase (Fig. 2F). A similar
decrease has been observed in the vastus lateralis of type 2 diabetic pa-
tients when compared with controls with no family history of diabetes
mellitus [30]. It is important to highlight that a decrease in the
expression of PGCla-responsive genes involves a decrease in the
expression of ETC genes [30]. Regarding the observed effect of met-
formin on PGCla expression, our results are in line with those of Aat-
sinki et al. [31] and Suwa et al. [32], who demonstrated that metformin
increases PGCla protein levels and oxidative enzyme activity in hepatic
and skeletal muscle, possibly via AMPK phosphorylation,.



A.M. de Maranén et al.

TNF
A " o ac |
-T- ontrol
8 == Type 2 diabetes
Type 2 diabetes+metformin
6 *#

pa/mL

2

0

Redox Biology 53 (2022) 102342

IL-6
10
3 Control
8 *kx m= Type 2 diabetes
I 22 Type 2 diabetes+metformin

4 6
E *#
[=J
o 4

2

0

Fig. 4. Serum levels of TNFa (A) and IL-6 (B) measured with a Luminex® 200 analyzer system following the Milliplex® MAP Kit manufacturer’s procedure.
Comparisons were made with ANOVA and a Tukey post-hoc test. *p < 0.05 and ***p < 0.001 vs Control; *p < 0.05 vs type 2 diabetes.

In order to explore this putative mechanism, we assessed the levels of
total and phosphorylated AMPK (Fig. 2G and H) in PBMCs from type 2
diabetic patients and controls. Levels of both proteins were reduced in
PBMCs from type 2 diabetic patients. PBMCs from metformin-treated
patients presented AMPK and P-AMPK levels similar to those of
healthy patients.

3.4. Metformin modulates mitochondrial morphology in PBMCs from type
2 diabetic patients

In comparison with those from healthy subjects, PBMCs from type 2
diabetics presented larger mitochondria with increased area (Fig. 3A)
and perimeter (Fig. 3B), and reduced circularity (Fig. 3C). These results
might appear to be in conflict with those previously reported in type 2
diabetes, which supported an increase in mitochondrial fission [15].
However, the increase in mitochondrial size can be explained by the
formation of megamitochondria, swollen “mitophagy and fission-resist-
ant” mitochondria that are a result of enhanced mitochondrial
dysfunction [33,34]. Such altered mitochondria have been previously
reported in pancreatic p cells from rats with type 2 diabetes, and also in
podocytes from murine and in vitro models of type 2 diabetes [35,36].
Aspect ratio (Fig. 3D) and roundness (Fig. 3E), which indicate the
interconnection between mitochondria, did not change significantly
between our type 2 diabetic patients and controls. Metformin reversed
the changes in area and perimeter and increased the roundness and
circularity compared with the non-treated groups (representative TEM
images of each group are shown in Fig. 3F). These features can be
observed in the representative images. The beneficial effects of met-
formin are in line with those reported by Wang et al. [37], who
demonstrated that metformin preserves mitochondrial structure in he-
patocytes from high-fat diet (HFD)-fed mice.

3.5. Metformin reduces TNFa and IL-6 in type 2 diabetic patients

We next explored TNFa and IL-6, markers of the inflammatory con-
dition in type 2 diabetes (Fig. 4), and found that the levels of both (Fig. 4
A, B) were increased in serum from type 2 diabetic patients. In
metformin-treated patients, the levels of TNFa and IL-6 were signifi-
cantly lower than those in subjects not receiving metformin. Given that
these cytokines are proinflammatory, our findings provide further evi-
dence of the role of inflammation in the development of type 2 diabetes.
In fact, the enhanced release of TNF-a from leukocytes after activation
by oxidative stress may inhibit insulin signalling and impair glucose
uptake [38]. These results are in accordance with those of a previous
study in which metformin treatment was associated with significantly
lower levels of various pro-inflammatory cytokines in the systemic cir-
culation of type 2 diabetic patients [39].

4. Conclusion

Our findings highlight the beneficial effects of metformin in the
context of type 2 diabetes, in which it ameliorates the mitochondrial
dysfunction and deregulation of mitochondrial complex levels and
mitophagy that characterise this condition, avoiding, in turn, their

possible clinical implications.
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