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Abstract

The pathogenesis of obesity and related comoreglitas long been associated with oxidative
stress. The excess of adipose tissue contributée foroduction of free radicals that sustain
both a local and a systemic chronic inflammatoayestwhereas its reduction can bring to an
improvement in inflammation and oxidative stressolir work, using the fluorescent lipid
probe BODIPY® 581/591 £ and theyH2AX foci assay, a well-known marker of DNA
double strand breaks (DSB), we evaluated the exfecell membrane oxidation and DNA
damage in peripheral blood lymphocytes of normagie(NW) controls and obese patients
sampled before and after bariatric surgery. Conthré\\W controls, we observed a marked
increase in both the frequencies of oxidized agllsuclei exhibiting phosphorylation of
histone H2AX in preoperatory obese patients. Alfi@iatric surgery, obese patients,
resampled over one-year follow-up, improved oxidatiamage and reduced the presence of
DSB. In conclusion, the present study highlightsithportance for obese patients undergoing
bariatric surgery to also monitor these molecularkars during their postoperative follow-

up.



1. Introduction

In recent decades, the prevalence of obesity in Western and developing countries has
drastically increased, reaching the proportionarofinstoppable epidemic.

The etiology of obesity is multifactorial but mairdased on the disruption of the balance
between caloric intake and energy expenditureeRtstisuffering from this disease show a
simultaneous increase in food intake that coupligld physical inactivity, leads to a
continued and excessive energy intake. Whenev&ctmdition persists, adipocytes respond
by increasing their volume with lipid storages,uléag in excessive expansion of fat mass,
particularly visceral fat, with a consequent sigmraiht gain of body weight [1].

Apart from a morphological change of the cellspadites also increase the
production of hormones with endocrine functionshsas leptin and adiponectin, which in
normal conditions contribute to maintaining propeergy homeostasis [2—4].

Moreover, the increase in mass establishes adftatgpoxia at the tissue level: this ischemic
state triggers a series of inflammatory responsel as the recruitment of immune cells that
release pro-inflammatory cytokines and increasaliped oxidative stress [5-7].

As a result, the adipose tissue of the obese patigws a chronic inflammatory state leading
to a wide range of comorbidities such as atherosiitecardiovascular disease, type Il
diabetes mellitus, and hypertension [2,4].

Increasing evidence suggests that oxidative splags a crucial role as a causative
factor of inflammation and complications associatetth obesity. Indeed, obesity can induce
systemic oxidative stress through the direct geimeraf ROS [8] but also through related
conditions such as hyperglycemia, low antioxidafedse, chronic inflammation, and
postprandial ROS generation [9]. Conversely, sttlgve reported that weight loss of
overweight individuals through diet is associatethweduced circulating levels of cytokines
and other markers of inflammation [10,11]. Simijadeverely obese patients that underwent
gastric bypass surgery could see, along with stablght loss, a decrease in the number of
macrophages in adipose tissue, and in the levglsoeinflammatory cytokines [12].

High concentrations of free radicals such as tfiesed in obesity have many
negative effects on cells. For example, lipid petation by ROS, causes a loss of
polyunsaturated fatty acids in cell membranes, cedptheir fluidity and altering their
permeability [13,14]. At the level of the nuclei®DS can induce DNA damage either
producing single-strand breaks (SSB) or doubleadtiaeaks (DSB). The latter can also be
induced by inflammatory factors released by adigssele, further enhancing the
inflammatory state [15]. As a consequence of D&B,cell initiates a DNA damage response
(DDR) that includes phosphorylation of serine 188istone H2AX, hence creatingdi2AX
foci [16]. This serves as a starting point for chedin remodeling and the recruitment of
additional proteins to the DSB site to repair tegdn [17-19].

To date, the treatment of obesity and its comotieglrepresents one of the greatest
public health challenges. Evidence from the litgmatshows clearly that obesity entails a state
of chronic low-grade inflammation, where oxidatsteess and genomic damage are
interconnected with mechanisms that are not yetunelerstood.

To gain information on the link between these psses, the present work aims to analyze
oxidative and DNA damage in normal-weight subjeatd in obese subjects before and after
their treatment with gastric bypass surgery. Usirspecific lipid probe and th#12AX assay,
we detected the presence of cell membrane oxidatidrthe extent of DSB occurrence in
their lymphocytes.



2. Materialsand methods

2.1 Sudy population

The study population consisted of 49 adult subjaffected by severe obesity (BMI >
35) selected for bariatric surgery, and 30 heatihrynal-weight subjects (defined NW),
recruited at the Obesity and Lipodystrophy CerEadocrinology Unit, University Hospital,
Pisa, Italy. Obese subjects included in the studsevsubdivided in different groups
according to the time point at which blood samplese taken: 11 severely obese patients in
pre-operative phase of gastric bypass (PreOp)p&tbperative patients, 1 month after
surgery (PostOp-1); 11 postoperative patients, 6thsoafter surgery (PostOp-6); 13
postoperative patients, 12 months after surgergt®w12). Table | reports gender, age,
weight and BMI of the study population. Subjectsluled in the study had to respect the
following criteria: absence of cancer pathologyavinfections or other conditions capable of
altering T cells, except the pathology under inigadion; must not be on treatment with drugs
known to induce mutations. The study was approvwetth® ethical committee of Pisa
University.

Table 1. Demographic characteristics of the study populatitalues represent mean + SE of each
parameter.

L : BMI° BMI®
Condition  Subjects Age Sex PreOp PostOp
Males Females 1 month 6 months 12 months
Obese 48 4554+1.10 9 39 43.89+0.73 39.76+1.66 36.49+2.04 34.01+1.20
Normal weight 30 40.60+2.0110 20 n.d. n.d. n.d. n.d.

®Body mass index of subjects measured before unihgytariatric surgery.
PBody mass index attained by patients 1 month, 6thsoor 12 months after bariatric surgery.
n.d.: not determined.

2.2 Cdll Culture

Blood samples from each subject were collecteddmypuncture in Vacutainer tubes
containing lithium heparin as anticoagulant. C@tuwere set up by adding 16D of whole
blood to 2.35 mL of RPMI-1640 (Life Technologiesphta, Italy) supplemented with 15%
fetal bovine serum (FBS) (Life Technologies, Monizaly), 1.5% PHA (Life Technologies,
Monza, Italy) and 1% antibiotics and antifungalsif@clone, Milan, Italy). Cultures were
maintained at 37°C for a variable time dependinghenspecific method applied, as described
below. For each subject two independent cultureapsay were set up.

2.3 Oxidative damage

Oxidative damage was detected using the fluorestanttural analogue of membrane
fatty acid BODIPY® 581/591 ¢ (Life Technologies, Monza, Italy). This molecule is
characterized by an emission of fluorescence and®%ut when it is exposed to oxidative
environment the fluorescence emission spectrunissioif510 nm. After 47.30 h from the start
of culturing, 2.5uL of the probe were added to each culture (5 mdimdl concentration)
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and the tubes were placed at 37°C for a furthenB0in order to promote the fluorescent
molecule incorporation inside the membrane of lyogytes. After the addition of hypotonic
KClI solution (0.0075 M), cells were pre-fixed wilcetic acid:methanol at 5:3 ratio.
Subsequently, lymphocytes were fixed in 100% meathand washed twice in a solution of
acetic acid:methanol in variable ratio dependinghenpercentage of atmospheric humidity.
After that, they were dropped onto clean glassslidllowed to dry, counterstained withl4
of propidium iodide (PI) and then observed throflgbrescence microscope (Nikon-
Optiphot 2) equipped with FITC and TRICT filters1&00x magnification. At FICT filter,
undamaged cells presented a light brown cytoplagmiie lymphocytes with an oxidised
membrane showed a green fluorescence; TRICT filéey used to detect cells regardless of
the oxidation status. Oxidative damage was quadtdis a percentage of cells with green
cytoplasm on the total of 400 cells scored perucaltData were expressed as the average
value of the two cultures.

2.4 Genomic damage

The presence of DSB was assessed in unstimulatedygéarvesting the cultures
immediately after set up. Harvesting procedureswee same as previously described,
except that cells were washed in a methanol:aaetttsolution (3:1). Detection gH2AX
foci was performed, according to a method previpualidated [26], using rabbit polyclonal
phospho-histone H2AX antibody (Ser139) (Cell SigrlEuroclone, Milan, Italy) and
DyLight™ 488-conjugated anti-rabbit antibody (Per&uroclone, Milan, Italy) as primary
and secondary antibodies, respectively. Briefty,slides were washed twice in PBS (1x%)
and left for 30 min in blocking solution (10% FB&P.3% TRITON® X-100 (Sigma-
Aldrich, Milan, Italy). Slides were incubated ovegint at 4°C with the primary antibody
diluted 1:400 in blocking solution, then washedthtimes in PBS (1x) and incubated for 2 h
at room temperature with the secondary antibodytedi 1:200 in blocking solution. After
three washes in PBS (1x), slides were counterstaindé DAPI, 0.4ug/mL final
concentration, in antifade solutiofH2AX foci were detected using the FITC filter after
visualization of cell nuclei under a UV filter. Spaneous genomic damage was evaluated on
800 nuclei per subject (400 per replicate) recaydime number of nuclei with at least one
yH2AX signal and the total number of signals in eaableus. The level ofH2AX for each
subject was expressed as (1) percentage of positislei,i.e. showing at least one
fluorescence spot, (2) mean number of foci pereus;lobtained by counting the total
number of foci over all observed nuclgHRAX/N foci), and (3) mean number of foci per
positive nucleusyH2AX/N+ foci). ). An example of negative gH2AX positive nuclei is
shown in Figure 1.



DAPI YH2AX Merge
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Figure 1. yH2AX foci indicak the presence of DSB in lymphocyte nuchuclei
counterstained with DARdre visible under the UV filter (left column)H2AX foci are
visualized as green fluorescence sigunder theFITC filter (center columr; merged images
are in the right column. la) two negative uclei showing no fluorescence signal under ¢
filter. In b) ayH2AX positive nucleus showirfive greenfluorescence signals under |

FITC filter or in the merged ima. In c¢) a highly damaged nucleus showing a multitud
green fluorescence spots under the FITC filtendhe merged imac

2.5 Satistical analysis

Statistical analyses were carried out by meansulfifacctor analysis of varianc
(MANOVA) with the Bonferoni’s multiple range test. We compared, for eachkar
analyzed, the means of controls and obese patiateégorized on the basis of their BMI ¢
the time of blood sampling.e. before bariatric surgery and during the -gear postoperative
follow-up (see above Study population) after controllimgchronological age and sex. D.
were reported as mean = standard error (SE), anditierences between groups w
considered significant for B<05. In addition, a regression analysis was peréol betwee!
the percentage of oxidized lymphocytesyH2AX positive nuclei and the BMI values of
subjects included in the study. All statistical lggas were performed using t
STATGRAPHICS Centurion XV.1 software package (Statist@@eaphics Corp., Rockville
MD, USA).



3. Results

The analysis of oxidative and genomic damage wagdaout on a group of normal weic
(NW) controls and severe obese subjects who unaeveiatric surgery. Blood sampl
from the obese patients were collected both beforgery, referred as PreOjnd during the
one-year postperative follov-up, referred as PostOp (1, 6 and 12 mor

Concerning the oxidative damacFigure 3, lymphocytes from obese patients samj
before surgery (PreOp) showed very high oxidatewels (16.7+2.22)compared tthose of
NW subjects (0.46+0.11Lomparisons within the groups of obese subjectastia
significant difference (P<0.001) between the Prél16.74+2.22 and each of the Post(
groups: PostOp-110.05+0.8(), PostOp-6 (6.90+0.57), PostOp-(B225+0.58) This indicates
that there was a substantial reduction in the ®aqu of oxidation after bariatric surg,
although the damage maintained still significahilyher (P<0.005) than that of NW contrc
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Figure 2. Cell membrane oxidation in peripheblood lymphocytes of normal weight (NV
and obese patients before bariatric surgery (Pre@g)after surgery (PostOp) during a -
operative followup at 1, 6 or 12 months. Cells were analyzed byréilscence microscoy
using theBODIPY® 581/591 (;; sen®r. Level of damage was expressed as percente
oxidized cells. Bars represent the mean + SE di gaoup (a total of 400 cells was scored
each subject, with independent duplicates). Adtendicates a statistical significance w
respect to NW groug{*: P<0.001; *: P <0.005)Hash indicates a statistical significar
(P<0.001) of PostOp groups compared to PreOp ¢

The frequencies of the parameters used to quahgfje\el of DSB(the percentage of nucl
positive toyH2AX and the average numberydi2AX foci per nucleus oper positive
nucleu$ in peripheral cells of the study population aparted irFigure3a, 3b or 3c,
respectively. The fraction of nuclei showinig2AX foci in the PreOp obese gro
(14.25+1.92)was statistically differer(P<0.0§ compared to the NW groi(0.85+£0.14). The
frequencie®bserved in the PostOp groups started to progedgsiecrease with respect
the PreOp level, even if the statistical siicance was reached only after 12 months: Pc-
1(11.22+1.37), PostOp{8.83+£1.73 and PostOp-12 (7.00+£1.01, P<0.0A)very similar
trend was observed also when [ are quantified as mean frequencyE2AX foci per
nucleus. In factthe values ofH2AX foci/N were significantly higher (P<(5) in the obese
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groups (PreOp: 0.234+0.04PostO}-1: 0.187+0-025; PostOp-6:155+0.03¢;, PostOp-12:
0.118+0.02) than in the NW control grou(0.011+0.002). Oncegain, within obese group
the only significant difrence (P<0.0%vs. the PreOp group was seen in the Po-12. These
results indicate a slower decline of genomic danstge bariatric surgery compared
oxidative stress. In contrast ahown irFigure 3c, the average numberybf2AX foci per
positive nucleusvas similar in control grouf1.28+0.09 and obese patients, in all analy:
conditions (PreOpl.58+0.09PostOp-1: 1.76+0.13; PostOp4644+0.12;PostOp-12:
1.61+0.11). We recorded a significant differencly dretween NW subjects and Pos-1
patients (P<0.05) who may have suffered from aolditi stress after surge
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Figure 3. Levels of DSB (presence ¢fl2AX foci) in peripheral blood lymphocytes
normal weight (NW) controls and obese patients feeb@riatric surgery (PreOp) and a
surgery (PostOp) during a p-operative followup at 1, 6 or 12 months. (a) Percentag
yH2AX positive nuclei, (b) average numberydf2AX foci per nucleus (both positive a
negative), and c) average numbeyldRAX foci observed per positive nucle Bars
represent the mean £ SE of each group (a totad@fc2lls was analyzed for each subj
with independent duplicateAsterisk indicates a statistical significance (FX40Q.with
respect to NW group. Hash indicates a statistigaificance of PctOp groups compared
PreOp group (##: P<0.01; P<0.05)

Hence, we explored the possible relationship betvilee markers of oxidative ai
genomic damage and the BMI of subjects measurdttahoment of the analysFigure 4a
and 4bshow that the percentage of oxidized cells gd#AX+ nuclei increased wit
increasing BMI values (P<0.0001, R2=0.5487 and R24%R, respectively). In other worc
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as the patients' BMI decreases, and therefore saaght is lost, the oxidative and DN
damage decrease as well. Given the similar trepdsdive relationship was also fou
between the percentage of oxidized cells and tbpgution ofyH2AX+ nuclei. However
most of the variability appears to be only mardinakplained by linear regreion as it is
likely to be driven by other factors that were nohsidered in this study (data not sho
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Figure4. Linear regression analysis of (a) BMI and peragatof cell membrane oxidatic
and (b) BMI and percentage gfi2AX positive nucleiThe shaded area represents95%
confidence interval of theegression line, the dashed line represents the@8&#ction

bands.



4. Discussion

Oxidative stress is considered one of the culpfitsomorbidities associated with obesity.
The main source of ROS in obese patients is theeveltiipose tissue where the adipocyte
hypertrophy leads to the activation of pro-inflamtaomg signaling pathways and consequently
to the massive production of oxidant moleculeshwiparallel decrease in antioxidant
defenses [8]. Excessive nutrient intake, as comynocturs with obesity, can overwhelm the
mitochondrial respiratory chain and cause mitochi@hdysfunction, leading to ROS
formation and exacerbating the inflammatory pro¢2%s Moreover, other common
conditions related to obesity such as hyperglycehyperleptinemia and chronic low-grade
inflammation, participate in the generation andmtenance of oxidative stress [22]. All these
sources of ROS that the body struggles to suppresstably cause oxidative damage to
cells, disrupting cell integrity, impairing tiss@ienctionality and leading to the development
of obesity-related complications.

Given the central role that oxidative stress hasbiesity, we investigated the membrane lipid
oxidation status in peripheral lymphocytes of selyeobese patients undergoing gastric
bypass surgery. Due to the strong release of glasimatory cytokines, the
microenvironment of the adipose tissue promotesploataneous formation and the active
production of reactive oxygen species. These mt#geaan induce lipid peroxidation and
subsequent changes in membrane permeability, tjuadid integrity, hence triggering severe
cytotoxicity [29]. The use of the fluorescent prdd@DIPY® 581/591 &, allowed us to
observe the presence of an early oxidized stateeatells, prior to the establishment of the
actual cellular damage. We observed that oxiddéwels were about 36-fold higher in the
obese population before surgery compared to thmaeweight controls. Also, we observed a
clear decrease in oxidized cells (about 68% redagthat follows the decrease of BMI going
from preoperative condition to the 12-month postafyee follow-up. Prior published studies
have evaluated the effect of weight loss afterabac surgery on oxidative stress levels in
very obese patients, reporting that weight reducsichieved after surgery improves all
biomarkers of oxidative stress examined [24—26hdde our results, are consistent with
previous reports and indicate that reduction ad@lligeroxidation is directly related to patients’
BMI, confirming, as expected, a strong link betwgathologies related to obesity and
oxidative stress.

In the cell, the DNA molecule is one of the mostssive targets to ROS and lipid
peroxidation by-products [33]. Since DNA damagetabates to pathologic tissue
dysfunction, we investigated whether the presemhem @xidative condition in peripheral
lymphocytes of obese patients correlated with DNwnege. Our work highlighted an
increase in basal genomic damage of obese patidratdrad a very high number of DSB in
their peripheral cells expressed as both nuclevsigpyH2AX-foci andyH2AX foci per
nucleus. Interestingly, the levels of the firstgraeter above mentioned are about 16 times
higher in obese PreOp patients compared to norreghwsubjects. However, this level
decreases by half during postoperative follow-ugpdating again a positive effect of BMI
reduction on the considered endpoint. The samelesina can be drawn for the number of
foci per nucleus that are 21-fold higher in obese than normoweight subjects and show a
substantial reduction over the three time pointhefpost-operatory follow-up with 20, 34
and 49% lower values compared to pre-operatoryiiondOur results are in line with
previous reports where the authors observed tregtitywas associated with a higher degree
of DNA damage and oxidative stress [34-36]. Morepwther works have shown that the
reduction in adipose tissue is associated withcaedse in the level of DNA damage [37].
Concerning the effects of bariatric surgery, a gtoerformed in 2017 observed an
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improvement in oxidative stress and a reductioDA damage in severely obese patients,
using other techniques compared to the ones pexsenthis work [38].

This confirms that oxidative damage to cellular poments including DNA decreases
in response to decreased adipose tissue. Integgstihe evaluation of damage in terms of the
average number of foci per positive nucleus shomgedifference between NW subjects and
obese patients, with the exception of the measureoagried out in the first month (PostOp-
1) where part of the additional stress introducgthle surgical procedure can be still present.
This result suggests that even though obesity branigigher number of cells with DNA
damage in the form of DSB, the recruitment of theair systems is not impaired and the
intensity of the damage at the single-cell levedamparable.

The results discussed so far are consistent wétlptesence of low-grade chronic
inflammation, where the abnormal release of adipekiby the white adipose tissue
modulates immune cells' response and promote&lbase of proinflammatory factors [39].
These factors are active locally contributing sstie dysfunction but are also released in the
bloodstream where they contribute to systemic imftation and the onset of metabolic
syndrome [21,34-36].

Over the years, several clinical studies have shmoown post-bariatric surgery
promotes weight loss and an improvement in qualityfe [46—48]. In patients with obesity
who undergo bariatric surgery, weight loss occangart through a restrictive mechanism, but
also as a result of altered secretion of entermbaoes with regulatory action on energy
balance and glucose metabolism [49,50]. In addiioweight reduction, which is still
maintained over the long term, there is a dranraticiction in type 2 diabetes, triglyceride
levels, and cholesterol, with a significant inceeasthe HDL fraction [51]. In general, this
type of intervention, when supplemented with anrappate follow-up program, results in
consistent and long-lasting weight loss and almostplete remission of obesity-related
diseases.

In the present study, it is important to note thedpite the decrease in weight observed
one year after surgery, the levels of all the malkealyzed (namely membrane oxidation and
DNA damage in the form of DSB) in post-surgery @ats are still higher than in normal-
weight controls. This is probably due to a reduged still elevated BMI, which means that
there is still an excess of adipose tissue, hemesidual source of inflammation. In fact, the
reduction in BMI after bariatric surgery was jusidw the cut-off of 35, which indicates the
status of severe obesity. Accordingly to our mol@cdata, the highest BMI decrease was
observed at 1 month Post-Op, (about 10% with regpebe Pre-Op BMI), and then
decreased by less at the other two time point84&2d 6.8% at 6 and 12 months post-
surgery, respectively). Despite this, we observed\eerall improvement of all parameters
coupled to weight reduction. Indeed, our data canthat a pronounced inflammatory state
leads to the induction and persistence of memboamation and harmful DNA lesions such
as DSB in lymphocytes of severely obese patierdth B/pes of damage in turn enhance
inflammatory signaling, which appears to be dinectlated to body weight. In fact, as the
BMI of obese patients decreases after the barisitiigery, we observed a reduction of
oxidative stress and a decrease in DNA damageuththe reduction of genomic damage
appears to proceed more slowly.

In conclusion, the present study highlights theangince of long-term monitoring of
molecular markers of oxidative stress and DNA dariaghese patients for at least one year
and probably longer. Long-term monitoring will semot only to correlate these endpoints
with classic pathologies linked to severe obes&itit, may also help caregiver prevent the
onset of diseases such as cancer that can aeséndife.
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