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Abstract

Objective:Hypoglycemia has bedmked topersistent increases aardiovascular (CV)
mortality intype 2diabetesfter the eventOuraimwas to examine acute and downstream

effectsof hypoglycemia on markexd thrombosigisk and inflammationn type 2 diabetes

Research Design and Methodsvelve type 2 diabetdadividuals with no history o€V
disease and 11 age- aBMI-matchedhondiabeticvolunteers underwent paired
hyperinsulinemic euglycemic (glucose 6mmdii two 60 minute periods) and
hypoglycemic clamps (glucose gadol/l for two 60minuteperiods) on separate occasso
on Day 0. Fibrin clot propertieplatelet reactivityand inflammatory markersere measured
at baseline, ehof and following recovery fronmitial clamp, day 1 and day dsingvalidated

assays and electron microscopy

Results: Euglycemic hyperinsulinemia reduced platelet reactoegreasetbrin clot
density and improved fibrinolytic efficiency in both groups. Platelet reactwid
aggregation increaseatliring acute hypoglycemia in both groups, resolving at recovery.
type 2 diabete<lot lysis times and clot maximum absorbaimeeasedip to day 7
(p=0.002 and p=0.00dersus euglycemiegespectively)put clots fromnondiabetic controls
showedimited changesFibrin network density increased1.15+0.28 fibers/unt at day 7
following the hypoglycemic clamp (p<0.01 for glycemic awmutjile fibrinogen and

complement C3 increased following hypoglycemia up to daytypia 2 diabetesnly.

ConclusionsAntecedent ipoglycemiahas acute and persistent prothrombotic effects,

lasting at leas7 daysthat wereenhanced imndividuals with type 2 @dibetes These findings



identify mechanisms by which hypoglycemiamightincreaseshort and mediuntermrisk of

CV mortality.

Abbreviations

5HT — 5 hydroxytryptamine

AUC- Area under the curve

ADP adenosine diphosphate

CoV - coefficient of variation

CV - cardiovascular

CRP- C reactive protein

IL6 - interleukin 6

MA - Maximum absorbance

PAI-1 - Plasminogen activator inhibitor 1

T1DM —Type 1 diabetes mellitus

type 2 diabetes Type 2 diabetes mellitus

vWF von Willebrand factor



Cardiovascula(CV) diseases the leading cause of death in type 2 diabetelitus (type 2
diabetes A number of large clinicdlials have attempted to address the rolentdnsive
glucose controbn vascular events ata@ve showreitherno reduction (1; 2) aan increase

in mortality (3). Hypoglycemias associated witimcreaseaardiovascular mortalit{2; 4)
butevidenceestablising cause and effecs lacking In interventional trialsthe increased
mortality associated with hypoglycemia extendesdl beyond the acute event, with elevated
risk monthslater (2). Mechanisms by which hypoglycemaight lead tancreased

cardiovasculamortality in the shorto-medium termare unclear.

Platelethypereactivity, altered fibrin cld characteristics and hypofibotysis have
been linked to excess cardiovascular events, especiatjyp@n2 diabete$5). Experimental
hypoglyemia in people with typel diabetes can increase platelet aggregat@®nand
inflammatory markers including CD40 expression and soluble CD40 ligapthtelet
monocyte aggregates, plasma levels of vascular adhesion moleculessaledtin (7; 8).
Repeated episodes of hypoglycenmgpair nitric oxidemediated endothelial function and
increase thrombin/antithrombin comp{8X In clinical studieshypoglycemiaincreased factor

VIl and von Willebrand factor (vVWF)which are procoagulai10).

However, studiesxaminirg thelongerterm effects ohypoglycemiaon thrombotic and
inflammatory markers remain scarce. In particutarstudy to date has studipdbthrombotic
changesin individuals with type 2 diabetesn response tdypoglycemia where insulin
resistance andlustering of metabolic risk factors may differentiate them fitbwse with
T1DM, predisposinghemto a state of depressed fibrinolyséitecedent hypoglycemia has

been shown to alter autonomic responses and decrease vagal activity downstreapisotitne e



(11; 12). Suppression of cholinergic amtflammatory pathways(13) may lead to

prothrombotic and proinflammatory responses following hypoglycemia.

We hypothesised that hypoglycemia might oppos€Mdenefits of intensive
glycemiccontrolby inducing prahromboticresponseboth during the episode and
downstream. Thus them of thisstudy was to investigate the effeof hypoglycemian type
2 diabetegpatientson key thrombotic mechanismiscludingi) fibrin clot structure and
fibrinolysis, ii) platelet reactivityand activationand iii) plasma levels of inflammatory
markers We studiedprothrombotic changes duriragute hypoglycemia angp to seven
days afteexperimentallyinduced moderateypoglycemian bothindividuals withtype 2

diabetesand matched healthy controls.

Research Design and Methods

Participants

12 participantswith type 2 diabetesaged between 18nd 65yearsandwith HbAlc 6.5-
10.5% @8mmol/mot91mmol/mol) were recruited from Sheffield Teaching Hospitals
(Sheffidd, United Kingdom)utpatient clinichetween 2014nd2014.Elevenage and
BMI-matched nomiabeticindividuals were recruited a®ntrolsfrom staffat Sheffield
Teaching Hosppals and The University of Sheffield (Sheffield, United Kingdorfipe same
participants also had cardiac electrophysiological measureneeotsledduring the
morning hypersinsulinemic clamps in a study of the effect of hypoglycemiatonamic
function and repolarisation (14).aRicipantswith diabetes wertakingoral hypoglycemic
agents and/or glucagoiké peptide-1 (GLP-1) analoguesnd/or insulin foK two years

Exclusion criteria icluded previousmyocardial infarction, ischemic heart disease, cardiac
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arrhythmias, strke or peripheral vascular diseas® other knowrtardiovascular disease
epilepsy untreated hyperthyroidism; pregnancy; serious intercurrent iliidésse were

taking antiplatelet agents or anticoagulants apart from two patients with diadetes

aspirin. All subjects had normal full blood courgnal functioneGFR>60 mL/min/1.73

m?), electrocardiogranat baselingand cardiac autonomic function using standard autonomic
function tests (15). All participants gave written informed consent. The stuslgppaoved

by the local Research Ethics committee.

Study design

Individuals participated inpaired hyperinsulinemic euglycemic anklypoglycemic clamp
studies sepated byat leas® but no more tha® weeksto minimize carry-over effects We
used acrossoverdesignsuch that each participaseérvel as his or her ownontrd to reduce
variability. Euglycemicstudies preceded hypogbmic studies as hypoglycemmay have
persistent effects of the cardiovascular systédm previous studiestwo periods of
hypoglycemia resulted iraltered autonomic and vagal function that could lead to
proinflammatory and prothrombotic effects in the days following hypoglycébiial?2) In
one study, these changes were obsempeah 6 daysater(11). Thus, n the hypoglycemic arm,
arterialized bloodglucose was matained at 2.5mmol/l for two 60minute periods in the
morning andafternoon withrapid-acting intravenousnsulin at 120 and 240 mU/Amin
respectivelyalongside a variable infusion of 20% dextroBarticipants were blinded to blood
glucose levelsBlood glucosavas raisedo euglycemic levels between morning and afternoon
hypoglycemic clamps. In the euglycemic arm, arteagaliblood glucose was néained a6
mmol/l for 60 minutes during both morning armdternoon,using similar rates of insulin

infusion used duringypoglycema. Insulin was administered at the same rates in both subject



groups. Pothrombotic and inflammatory markensere measured at the end of the morning
clamp and at recovery (30 minutes after endhofningclamp)but notduringthe afternoon
clamp. Toinvestigate downstream effecpspthrombotic and inflammatorparkers weralso
measureadh the morningat 1 and7 daysfollowing botheuglycemic and hypoglgenicstudies.
The study design is outlined in Figahd details of th@yperinsulinemic clamp protocol are

further describeth supplementarynethodsS1

Biochemical measurements

For epinephrine and norepinephrine, whole blood (6 mL) was collected into chilled lithium-
heparin tubes containing 50 uL. EGTA/glutathione as a preservativénéBewere assayed by
high-performance liquid chromatograpfipter-assaycoefficient of variationCoV)
norepinephrine 6.03% and epinephrine 15.9%). For free insulin, whole blood (3 mL) was
collected into a 4nL lithium-heparin tube and immediately subjected to centrifugafiobe.
resulting plasma (0.5 mL) was added to a chilled plastic tube containing 0.5 mthplage
glycol (PEG) for precipitation of immune complexes and mixed. The predaganalysed

by an immunaetric assay (Invitron Insulin ELISA, Invitron Ltd, Monmouth, UKterassay
CoV 7.19. Serum cortisohnalysed from 4ml venous blood collected in serum separator
tubewasmeasured using a commercial immassay Roche €602 serum cortisol assay,
Roche Diagostics, West Sussex, Ulterassay 6V 3.2%). Bochemical parameters were

measured at baseline aaidend of euglycemic and hypoglycemic arms in both groups.

Turbidimetric and lysis assay
Venous blood was collected into tubes containing 3.2% sodium ¢BBt¥acutainer Glass

Citrate Tubg on ice.Ex-vivo fibrin polymerisatiorcharacteristicef plasma samples were



investigated by &alidatedturbidimetric clotting assafl6), described in detail under

supplementary methods S2.

Markers of fibrin dynamics and inflammation

Fibrinogen and PAI-Assaywereperformed on venous blood (4.5 mL) collected into tubes
containing 3.2% buffered sodium citrate sol(B® Vacutainer Glass Citrate Tubéligh-
sensitivity Greactive protein (hsCRP) was analysed using an immunoturbidmetric assay
(Cardiac C reactivprotein (Latex) high sensitivity, Roche Diagnostics, Indianopolis, USA).
Interleukin-6 (IL6) was determined using cytometric bead array (Hunékldx setBD
Biosciences, Oxford, UK). Complement C3 plasma levels, a protein that is incodpatate
the fibrin clot and modulates fibrinolys{47), were determined using ELISA (Biosources,

San Diego, USA)Further details are described in supplementary methods S2.

Scanning electron micr oscopy
Pooled samples of plasma were analysed fronyd® 2diabetesand 10 norDM subjects.
Fibrin clots were made as previousgported (18and described in detail in the supplementary

material(S 2).

Platelet impedance aggregometry
Platelet aggregation was analysed using multiple electrode impedance aggrggo
(Multiplate ®, Roche Diagnostics, Switzerland) and described in detail in supplementary

methodsS2

Platelet P-selectin expression
Hirudin-anticoaguleed bloodwasadded to tubes containing PE Cy5 mouse anti-CD62P

antibody(BD BiosciencesOxford, UK) and platelet marker CD41a (BD Biosciend@gford



UK) for measurement of plateletdelectin expressignvith detailed description of the assay

provided insupplementary metho®&2.

Statistical analysis

Baseline demographic data gothromboticand inflammatory markei@e summarised as
mean(SD) for parametric datanless otherwise stateor median (iterquartile range) for
nonparametric datdasCRP and IL6 weregarithmicallytransformediue toa skewed
distribution.End-of-clamp Bood glucose and hormone concentrations were compared

between euglycemic and hypoglycemic timepousisig twoway ANOVA.

We usedhlinear mixed modelvith repeated measureascompare i) whether there was
significant changé prothrombotic markers over time withglycemic arnsin each subject
groupandii) effect of glycemic arm on changesprothrombotic markers in eacubject

group. Foranalysig), timepoint was specified as a fixed effegth multiple comparisons
against baselinadjusted by the Sidatorrection In mixedmodelanalysisi), glycemic arm,
time and interaction between glycemic arm and time were specified as fixed eftetis an
subject as random effe&lycemic arm and timepoint were specified as repeated measures
within each subject. Repeated measures were fitted with an unstructured, compound
symmetry or autoregressive 1 covariance structurehrenohodel with the best fit (lowest
Akaike’s information criterion) was selectguvalues were obtained by restridteaximum
likelihood estimationThe effect of glycemic arm and interaction between time and glycemic
arm on fiker network density and fifn thickness were analysed using tway repeated
measures ANOVAWe further calculated the withindividual correlations between clot MA

or clot lysis time with fibrinogen, PAL and C3, taking into account repeated measures,



based othe ANCOVA method19). A p value of < 0.05 was considered significant. Results

were analysed using SPSS (IBM, SPSS Statistics v20).

Based on our itial pilot data,asample sizef 10 subjects per groumda power of
81% to detect alinically-relevantl5%differencein clot lysis time assuming a SD of 100s.

We aimed to recruit 223 subjects in each group, allowing for a 20-30% drop out rate.

Results

Basdline characteristics

Twelve mtientswith type 2 diabete@® male)and 11 individualsvithout diabete¢5 male)
participated irthe study.Participants wittdiabetesveresimilar in age 54 (50-58 years
compared with 52(47-59earsin the control group (p = 0.90). The mean BMI was
comparable34+5kg/n? in thediabeteggroup versus 31+B8g/m? in the nonBM group
(p=0.18) The melian duration ofdiabetesvas 10 (812) years and meadbAlcwas
7.8+£1.3% (62+14 mmol/mol). Amongatientswith diabetesfive weretakingoral
hypoglycemic agents only, 5 wekingoral hypoglycemic agents andz.P-1 analoguge
and twowereon oral hypoglycemic agestand basal insulinBaselineprothrombotic and
inflammatory markerare shown in supplementagbleS3 Subjectswith diabetedad
higher platelet reactivity to ADBut nosignificant differences were detected iiorinogen,

PAI-1, C3 and hsCRPlasma levelgsupplementary tablg3).

Blood glucose and counter-regulatory hormones
Blood glucose levels were similar at end of morning euglycemic and hyogiy clamps in
both groups (supplementary taldd). Glucosdargets were reachetliring afternoortlamps

within each arm.During day 1, blood glucose was higher followingpoglycemiaclamps
10



compared with euglycemia in the diabegesup only. Blood glucoslevelswere similar
between glycemic arms at daysiibjectsvith diabetes did not report symptomatic

hypoglycemia or capillary glucosaluesbelow3mmol/l in theweekfollowing each clamp.

Median (IQR) fee insulin levels at 120 minutes were 576 (688) pmolL during euglycemia
and 689(477-1076) pmol/L during hypoglycemia in theiabetesgroup. Inthose without
diabetesthese wre 865 (50952) pmol/L in theeuglycemicarmand 665468967) pmol/L
in the hypoglycemic arm Insulin levels between groupduring both euglycema and

hypoglycemawere na different (p = 0.23).

Counter-regulatory hormone@gereunchanged during euglycenai(supplementary tablg4).
During acute hypoglycemia, epinephrine, norepinephrine and cortisol increasédasitly
(all p<0.05 versus baseling)milarly in both groupgsupplementary tablg4). Plasma
epinephrine and cortisoéturnedo baselineat day 1 and day 7 following both arms in both
subject groups. However, in the ndiabetegyroup, plasma norepinephrinevéds increased

significantly at day 1 aftdvoth clamps.

Fibrin clot properties

Clot lysistime

In individuals without diabetesglot lysis times decreaséallowing euglycemiafrom
7291216 to 611+159s,A146+110, p=0.00¥ersus baselindjut returned tdaseline at day 1
(Fig 2a). There were no changes in clot lysis times in the hypoglycemic atime imon-
diabetegroup.In individualswith diabetesclot lysis times decreased at the end of
euglycemic clampA-81+86s) but wreprolonged at the end biypoglycema, withfurther

increassat day 1 (A71+153s) and day 7 (A67£107s). Changes in clot lysis times were
11



significantly different between euglycemic and hypoglycemic arms in inggdvith

diabetegp=0.001Fig 23).

Clot maximum absorbance

In controls, clotMA decreased at the endhafth clamps, but to a lesser extent during
hypoglycemia (A-0.02+0.05AU) compared with euglycemia (A-0.05+0.05 AU)(p=0.02 for
glycemic arm)Fig 2b). In individualswith diabetesclot MA decrease duringeuglycemia
and duringecovery There was aonsignificant increasen clot MA at the end of
hypoglycema (A0.02+0.05 AU), whichresolvedat recovery, followed bgradual increase
at day 1 and TFig. 2b). There were significant differences in clot MAtiween glycemic
arms in thadiabetegyroup (p=0.002) and interaction between time and glycemic arm

(p=0.02).

Scanning Electron Microscopy

Fibrin Diameter

Fibrin diameter did not change significantly during eaghyia or hypoglycemia in the nen
diabetegroup(Fig 3a). In diabetesndividuals, there were no changes in fibrirefidliameter
during euglycemiayhichincreasedt day 1 anday 7following hypoglycemigp<0.01 versus
euglycemia at equivalent timepoints) (RBg) There was a significant diffience between

glycemic arms (p<0.0001) andtimeinteraction between time and glycemic gpx0.0001).

Fibrin Network Density
In the ron-diabetegroup, fiker network density decreasatiday 1 after euglycemi@ompared

to no change followindnypoglycemigp <0.0Q for glycemic arm) The fibrin network density

12



returned to baseline at day 7 following euglycemia but increased at day 7 fgllowin

hypoglycema (p<0.01for glycemic arn) (Fig 3b).

In thediabeteggroup,fiber network density decreased at day [fofeing euglycemiawhilst
following hypoglycemia, there was an increaséber network density at day 4nd day 7
(both p<0.01for glycemic arm (Fig 3b). There were significant differences betwdbémn
glycemic arms anthe interaction between glycemarm and time in botithe diabetesind
non-DM groups (botlp<0.001) Representative examples of scanning electron micrographs of

pooled fibrin clots are shown Fig. 3c.

Coagulation proteins

In the nondiabetegyroup, fibrinogen tended to decrease at the ertdeaflamp and recover
similarly during both ewglycemia and hypoglycemia However, in the diabetesgroup,
fibrinogen levelsdid not change during euglgmia but increased0.20+0.10mg/mL at day 1
and A0.85+0.69mg/mL at day 7 following hypoglycemia (p=0.05 for glycemic arm

(supplementaryrig S5a).

PAI-1 falls in bothdiabetesand controkubjectsvere similarduring euglycemia and
hypoglyemia(supplementaryig. S3). PAI-1 decreased in thentrols duringeuglycemia
andhypoglycemiap=0.15 and p=0.00fr time respectively with nosignificantdifferences
between the arm(p=0.56)In type 2 diabetesubjects, PALL decreased from baseliteeA -
811+204pgmL at the end oéuglyemia(p=0.02 versus baseline) and remained lower at day
7. PAI-1 decreased to a similar extent durinygpoglycema (A-888+256, p=0.02 versus

baselinewith no differences detected between glycearios (p=0.8b

13



Change in clot MA correlated with changes in fibrinogen (r=0.98, p<0.6@1)1 (r=0.99,
p<0.001) and C3 (r = 0.99, p<0.001) across both groups. Change in clot lysis time correlated
with changes in fibrinogen (r=0.98, p<0.00RAI-1 (r=0.99, p<0.001) and C3 (r = 0.98,

p<0.00). Theravasno correlation betweaeepinephrine, norepinephrine and clot MA or lysis

times.

Inflammatory markers

In the nondiabeteggroup, C3 lgels were similar during euglycemia and hypogiyta and
did not change significantlysgpplementary FigS5c). C3 levels did not change during
ewglycemia in thediabetesgroup but éndedto riseat day 7 followinghypoglycemia(from

99+5at hypoglgemic baselinéo 108+4 m@nL at day 7).

In nondiabetesindividuals, hsCRPincreased similarly at day 1 followinguglycemiaand
hypoglycemia in both glycemic arms gupplementary FigSY). In diabetesindividuals
hsCRP decreased followirepuglycemiaat day 7 (log hsCRP A0.11+0.01, p=0.009 versus
baselinerompared with no chandellowing hypoglycemiglog hsCRP A0.06+0.01 at day 7).

There was a significant interaction between glycemic arm and time (p= 0.04).

In thenon-diabetegroup, IL.-6 was igher at day 1 following euglycemia but did not change
following hypoglycemialdata not shown). In théiabetegyroup, IL-6 did not changeluring
the euglyemic arm andtrendedtowards an increase in & following hypoglycemia at day

7.

Platelet reactivity and activation

Collagen- and ADP-induced platelet aggregation

14



In non-diabetesndividuals, there was a naignificantchangen collagerinducedplatelet
aggregation during euglycem(ig 4a). During hypoglyemia, collageninduced atelet
aggregation increaseaignificartly higher compared teuglyemia which resolved at
recovery.The overall differencén platelet aggregation response to calapetweemrms

was significan{p=0.04).

In diabetesndividuals,collageninducedplatelet aggregatiotended talecrease during
acuteeuglycemigA-15+£23 U, p=0.1Versus baselineh contrastto an increaséollowing
hypoglyemia(p<0.01between glycemic armspersisting to theecoveryperiod but not

beyond.There was a significant interaction between time and glycemic arm (p=0.03).

ADP-induced patelet aggregation decreasadliabetesubjectsduring euglycemia
comparedo an increase at thane of hypoglycena (p=0.03 between arms). In the non-
diabetegroup, secondary rises in platelet aggregation induced bycbléigen and ADP at

day1 occurred following both hypoglycemia and euglyce(kig 4a andb).

There were no significant changegiatelet reactivity to 5SHHuringeuglycema in both
groups Fig 4c). There were trends towards increagkdelet reactivityfollowing
hypoglycemain both groups, resolving at recovehy.non-diabetesubjects, no significant
changes in platelet activatiaecurred during euglycemia. Platelet activation tended to
increasdollowing hypoglycema and at day With no overall difference between arms (Fig
4d). In diabetesndividuals platelet activationas measured by unstimulatedgélectin
expressiondecreased following euglycemmaximally at day butincreasd immediately

following hypodycemia(p=0.01 for glycemic arin(Fig 4d).

15



Conclusions

To our knowledge, thiss the first studynvestigating the effects of hypoglycemia on both
cellular and protein arms of the thrombosis pathway in the period beygmbglycemic
challengeThenovel findings includei) hypoglycemiavasassociated with early and late
prothrombotic changes in the fibrin netwankithe diabetes grouputlessevident inhealthy
controls;ii) arise in fibrinogen and C3 leveltbatmay contribute to late prothrombotic
changes in fibrin network propertieandiii) hypoglycemia enhanced platelet reactivity in

individuals with and without diabetdsasing less than 24 hours following the event.

The antiaggregatory, aninflammatory and profibrinolytic responstseuglycemic
hyperinsuliremia areconsistent withprevious human studies (20; 2I).the presenivork, a
striking observationvasthe difference in clot lysis timeetweereuglycema and
hypoglycema in the diabetes groupmitially, the decrease in clot lydisne during
euglycemia maype explained by eeduction in PAI-1. Insulin-mediated suppression of
fibrinogen synthesis may also result in enhanced clot lysis, but is unlikely to contobute
early changes given the long kéafé of the protein, unlike PAI-1. On the other hand, early
prolongation in clot lysis in the diabetes group does not appear to be fAdliated as
protein levels were reduced following hypoglycemriemps.In a previous study, PAl-was
decreased during both hyperinsulinemic hypoglycemia and euglycemia i dygigetes
individuals; however, the authors found increased PAdHowing hypoglycemia in healthy

controls(8).

A novel andntriguing observation ithe persisteneffect of hypoglyemia on clot desity
andimpairedfibrinolysis,at least 7 day®llowing hypoglyemia in thediabetegyroup but

not in controls. This finding mayeimportant clinicaly, particularly in individualst higher

16



vascuér risk. The mechanisms for ttae impairment in lysigre not entirely clear, although
the risein fibrinogen and complement @8asma levelprovide plausible explanations.
Increased levels of fibrinogen are associated with densey atoige have previously shown
(18),which may impaifibrinolysis. This is supported bgnobservational studiyp type 2
diabeteslow fasting glucosevas associated witthensesex-vivo fibrin clotsas compared
with fasting glucose in the normal ran@?). We have demonstrated tf@8 modulates clot
lysis independently of PAI-1 and this effespaticularly pronounced in individuals with
diabeteq17; 23). Taken togethet,is possibleéhatrepeatedypoglycemec episodesead to a
state of chronic lovgrade inflammationresulting in elevated fibrinogen and C3 levels,
which in turn compromises fibrinolysis. However, we cannot exclude the possiutity t
other plasma components may also have an e@egtidizeJoy and colleagues
demonstrated that nitric oxidaediated endothelial dysfunctiowhich creates an
inflammatory environmet, was exaggeratdaly repeatedxperimental hypoglycemi24

hours later, but effects beyond 48 howese notreported(9).

We alsoshowedthat hypoglycemiamoduldesplateletreactivityin type 2 diabetes
probablymediated by catecholamine reledsat, the effects arghortlived. Our results are
consistent with previous reports of individuals with type 1 diabd&sonstratingncreasd
platelet reactivity during acute hypoglyceniza). The hypoglycemiamediated increase in
platelet reactivitycan be abolished by-receptor blockade, implicating o2 adrenoreceptors in
mediating this effed{6). In contrast to fiin clot studieswe did not observe consistent

differences between platelet responses to doyieglycemian the groupsstudied.

Our datadentify a mechanism whereliypoglycemiacould contribute to increased
CV mortality by opposing the benefits of intensglgcemiccontrol In apost-hoc analysis of

17



the NICESUGAR study which reporteexcess mortality in patients treated to tight glucose
levels the median time to death fraarhypoglycemic event was 7 days for moderate
hypoglycemia and 8 days for sevé€2®). The time course matches our findings of a
worsening atherothrombotic risk ite 1 week after hypoglycemidn the ADVANCE and
VADT trials, the increased CV risk extended many months aftea severe hypoglyaaic
eventand itis unlikely that the changes we observed would persist over this period. On the
other hand, less severe episodes (equivalent to those induced in thisveedgpt measured
consistentlyin these trials They arearguablyoccurring moe frequently inthose

experiencing severe everasdif recurrentmight contribute to thrombotic events,

particularly in those at increas@y risk.

Our study had the following relevalimnitations. First, herelatively smallnumber of
participants, while adequate to demonstrate chandésimclot properties, may have left us
short ofstatisticalpower to identify subtle differences betwdgpe 2 diabeteand groups
without diabetes-However recruitingindividuals intoexperimentaktudiess challenging
and this remains one of the largest studies investightitigype 2 diabeteand contrad
with combired platelet and fibrin network analyses. Second gttgerimental model requires
supra-physiological doses of insulmraintain stable hypoglycemiaigherthanthat
observedluring routine clinical care Thismight artefactuallydiminishprothrombotic and
proinflammatorychangesiuring experimentatypoglycemia Third, two subjectsvere on
aspirintreatmentwhich canaffectcollageninducedplateletaggregation and clot lysis (26).
However, hese subjecteemained on aspirin throughout the stathgldisplayed similar
patterns of collagen-induced platelet aggregation to other participants (datawnj.dn

these studiesve induced hypoglycemia on two occasions during daydOwecannot be
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certain thasimilar persistenprothrombotic changes would havesnobserved following a
singleor shorter hypoglycemic episodes. Future studies should be designed to address this
Forobvious ethical reasons, we did not induce hypoglycemia in individuals with known CV
disease. It is not known whether the deleterious atherothrombotic effectsogfiyoemia

would be exaggerated in highV-risk patients and the protective effects of insulin

attenuated, compared with our study group.

In condusion, we have showthattwo episodes of moderabtgpoglycemishave
acute prothrombotieffectsin both nondiabeticandtype 2 diabetesubjects. We have also
demonstratethatthe impacof moderateshort-livedhypoglycemias maintainedor at least
7 days after the event, with adverse effects on fibrin clot properties, filsisaiyd
subclinical inflammation These effects were more prominantong individualsvith type 2
diabetexompared to a noBM control groupWe haveidentified potential mehanisms
wherebyhypaglycemiacouldincrease the risk afV events during and after an episode and
soopposedhe benefits of intensive glycemiontrol. The preciselinical relevance of these
findings remais to beestablishedby further studiesNeverthelessve believethat clinicians
should be consider our results when addressing vascular health in peopigp&iidiabetes

and choosapproaches thahinimise hypoglycemia when optimising glycemic management

Acknowledgements

EC is the guarant of this work and as such had full access to all the data in the study and
takes responsibility for the integrity of the data and the accuracy of the ditaignEC
designed the study, collected, analyzed the data and wrote the manusicripdy and FP

helped to collect the data, conduct clotting and platelet assays and reviewedukeripa

19



IAM analyzed the catecholamine data and reviewed the manusdfipt.FRA and SRH

designed the study, reviewed the data and edited and redrafted the manuscript.

This is a summary of independent research funded in part by the NationatérfstitHealth
Research (NIHR) and carried out at the NIHR Sheffield Clinical Researchty=aldie views
expressed are those of the authors and not necessarily those of the NHS, NIHR or the
Department of Health.

We would like to thank the Diabetes department and the Clinical ResearchyHacilit
Sheffield Teaching Hospitals for their assistance, and all patients wh&inaiyegiven their
time towards this studyVe would like to thank Jenny Freemamd Eric Lau for statistical

advice.

RF Storey reports institutional research grants/support from AstraZenddlaqueTec;
consultancy fees from Actelion, AstraZeneca, Avacta, Bayer, Brisget$/Squibb/Pfizer,
Idorsia,Novartis, PlaqueTe@nd Thromboserin; and honoraria from AstraZerswhBayer
RA Ajjan received honoraria, educational and research support from Abbott Diabetes Ca
AstraZeneca, NovoNordisk, Eli Lilly, Bayer, Sanofi, MSD, Boehringer limgjen. SR Heller
has served aan advisory board panel member for Eli Lilly & Co, Novo Nordisk A/S,
Boeringher Ingelheim, ZealandNEEG medicahndTakeda; ands a member oEpeakers’
Bureaux for Astra Zenag Novo Nordisk, Eli Lilly & Co and MSD. The other authors have

no conflicts of interest to declare.

This studywas presented in part at the American Diabetes AssociatrdrSeintific

Sessions 2013.

20



Figureslegends

Fig. 1 Study design

Each type 2 diabetes nonDM subject participated in euglycemic and hypogigoeclamp
visits separated by 4 to 8 weeksiglycemic clamp preceded hypoglycemic clanhpshe
euglycemic clamp visit, blood glucose was maintained at 6mmol/L for 60 minuttes

morning and 60 minutes in the afternoon. In the hypoglycemic clamp visit, blood gluasse
maintained at 2.5mmol/L for 60 minutes in the morning and 60 minutes in the afternoon.
Blood samples for platelet function, clotting assays, coagulation proteins and
counterregulatory hormones were collected at baseline, end of cl&@pramutes, recovery
from morning clamp, and then on the morning of day 1 and day 7 after the euglycemic and
hypoglycemic clamp visits respectively. EU euglycemic, HYPO hypogiice

Fig. 2 Effect of euglycemia and hypoglycemia on a) clot lysistime and b) clot density by
turbidimetric and lysis assay

type 2 diabetesuglycemia (EU)open squardype 2 diabetebypoglycemia (HYPO)

closed square, nddM euglycemia open circle, nomM hypoglycemia closed circleEU
arm preceded HYPO arm.p<0.05 T p<0.01 euglycemia versus hypoglycemia at
equivalent time points * p<0.05 versus baseline, ** p<0.01 versus baseline. Differences
between glycemic arm and the interaction between glycemic arm and time bgcamuzel
with repeated measures are shownalaean (SE). Abbreviations: AU arbitrary units, MA
maximum absorbance.

Fig. 3 Fibrin network propertiesand scanning electron micrographs of fibrin clots
following euglycemia ver sus hypoglycemiain DM and non-DM subjects

a) Fibernetwork density and b) fibrin fiber thickneediowing euglyema (EU) (black)
versus hypoglyemia (HYPO) greyFiberthicknessvas measured fortatal number of 160
fibers (40fibers measured from 4 different clot areas at each pionet) * p<0.01, ** p<0.01,
****%n<0.0001 between euglycemia versus hypogyua. Data meaare(SE)c)
Visualisation ofex-vivo fibrin clots from pooled plasma samplegype 2 diabetegn=10)
and nonbM (n=10) subjects. There is a decrease in the fibawork followingeuglycemia
in both groups as opposed to an increaskanetwork density followindypoglycemia at
day 7

Fig. 4 Effect of euglycemia and hypoglycemia on platelet reactivity and platelet

activation

Data represent change in value from baseligpe 2 diabetesuglycemia (EU) open square,

type 2 diabeteBypoglycemia (HYPO)closed square, NeDM euglycemiaopen circle, non

DM hypoglycemia closed circleEU arm preceded HYPO arnf. p<0.05 11 p<0.01
euglycemia versus hypoglycemia at equivalent timepoint * p<0.05 versus baseline, ** p<0.01
versus baseline. Differences between glycemic arm and interaction betwesmiglsgon and
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time by mixed model with repeated measures are shown. Data mean(SE). AlansvidJC
area under the curve, MFI median fluorescence sitlen
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