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Advanced Glycation End Products Associated With
Cardiometabolic Biomarkers in Treated Human
Immunodeficiency Virus Infection

Vanessa El Kamari,"? Katherine Rodriguez,’ Carlee Moser,’ Judith S. Currier,’ Theodoros Kelesidis,* James H. Stein,® Todd T. Brown,’ Scott K. Howel
Paul J. Beisswenger,”® and Grace A. McComsey'**

|,7.8

'Case Western Reserve University, Cleveland, Ohio, USA, “University Hospitals Cleveland Medical Center, Cleveland, Ohio, USA, *Harvard T. H. Chan School of Public Health, Boston, Massachusetts, USA,
*David Geffen School of Medicine at UCLA, Los Angeles, California, USA, University of Wisconsin, Madison, Wisconsin, USA, ®Johns Hopkins University, Baltimore, Maryland, USA, “Geisel School of
Medicine at Dartmouth, Hanover, New Hampshire, USA, ®PreventAGE Health Care, LLC, Lebanon, New Hampshire, USA, and *Rainbow Babies and Children's Hospital, Cleveland, Ohio, USA

Background. Despite advances in antiretroviral therapy (ART), people living with human immunodeficiency virus (HIV) con-
tinue to be at increased risk of cardiometabolic complications compared to HIV-uninfected individuals. Advanced glycation end
products (AGEs) are implicated in the development and progression of cardiometabolic complications in the general population.
Their role in HIV remains unclear.

Methods. ACTG A5260s is a prospective open-label randomized trial in which ART-naive people living with HIV were ran-
domized to tenofovir disoproxil fumarate /emtricitabine plus atazanavir/ritonavir, darunavir/ritonavir, or raltegravir over 96 weeks.
Changes in circulating AGEs with ART initiation were assessed, and linear regression was used to examine the associations between
serum AGEs with carotid intima-media thickness (cIMT), visceral and subcutaneous adipose tissue, total fat, lean mass, body mass
index, insulin resistance, leptin, and adiponectin.

Results.  Overall, 214 participants were included. Ninety percent were male, 48% were White, the median age was 36 years, me-
dian HIV-1 RNA was 4.58 log, copies/mL, and median CD4 count was 338 cells/uL. Most AGEs remained relatively unchanged
following 96 weeks of ART initiation, except for methylglyoxal-derived hydroimidazolone 1 (MG-H1), which increased following
96 weeks of ART (mean fold change, 1.15 [95% confidence interval, 1.02-1.30]). No differences were detected across ART regimens.
Increases in AGE levels over time were associated with worsening body fat composition measures, insulin resistance, and cIMT, even
after adjusting for clinically relevant factors.

Conclusions. AGE levels did not decrease following ART initiation. Most AGE levels remained stable, except for MG-H1, which
increased. In people with HIV on ART, the accumulation of circulating AGEs over time appears to be independently associated with

worsening cardiometabolic biomarkers.
Keywords.

advanced glycation end products, body composition, inflammation, immune activation, insulin resistance.

Advanced glycation end products (AGEs) are produced from
nonenzymatic reactions between proteins, lipids, or nucleic
acid with reducing sugars [1]. These reactions take place with
normal aging and are also produced at an accelerated rate under
hyperglycemic, inflammatory, and oxidative stress conditions
[2]. Accumulation of AGEs on long-lived proteins results in
persistent inflammation and tissue damage [3] and is impli-
cated in the progression of different pathological conditions,
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including diabetes, renal, cardiovascular, and neurological dis-
orders [4]. The buildup of AGEs occurs endogenously through
a series of complex reactions as part of normal body metabo-
lism [5], and can also accumulate from exogenous sources in
the environment such as diet or tobacco smoking [6]. Many
functionally and structurally different AGEs are observed
under various physiological and pathological conditions. For
example, methylglyoxal-derived hydroimidazolone 1 (MG-
H1)—the most common AGE in serum and tissue—is formed
from methylglyoxal and arginine [7].

Despite advances in antiretroviral therapy (ART), people
living with human immunodeficiency virus (PLWH) con-
tinue to be at increased risk of cardiometabolic complica-
tions and multisystem decline that arise with aging compared
to matched human immunodeficiency virus (HIV)-unin-
fected individuals [8]. The mechanism leading to these com-
plications is not well characterized [9], and finding ways to
halt the progression of these processes is a priority in the
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management of PLWH [10]. Little is known about the role
of AGEs in HIV disease. We have recently found that PLWH
have higher circulating levels of AGEs compared to HIV-
uninfected matched controls [11]; higher AGE levels were
also found to be independently associated with increased
systemic inflammation, immune activation, and cardiovas-
cular markers [11]. One other study measured skin AGE
levels in PLWH and found them to be predictors of cardio-
vascular disease over a 5-year follow-up period [12].

These findings call for further investigation of the role of
AGEs in PLWH, which might provide a new avenue for the pre-
vention or treatment of non-HIV-associated comorbidities. The
aims of our study were to (1) understand the effect of antire-
troviral therapy on circulating AGE levels in the AIDS Clinical
Trials Group (ACTG) A5260s cohort after initiating tenofovir
disoproxil fumarate/emtricitabine (TDF/FTC) plus atazanavir/
ritonavir (ATV/r), darunavir/ritonavir (DRV/r), or raltegravir
(RAL) in PLWH naive to ART over 96 weeks; (2) identify whether
there are differences between the 3 regimens; (3) explore the re-
lationship between circulating AGEs, cardiometabolic factors
(body fat composition, insulin resistance, carotid intima-media
thickness [cIMT]), and markers of inflammation and immune
activation at baseline and at week 96. Our hypotheses were (1)
that AGE levels would decrease over time, (2) regardless of ART
regimen used, and (3) that increased AGE levels would be as-
sociated with increased cardiometabolic biomarkers before and
after ART initiation.

METHODS

Study Population
We accessed data from ACTG A5260s, a substudy of parent
study A5257, a phase 3, prospective trial where treatment-naive
PLWH, aged >18 years with HIV-1 RNA >1000 copies/mL,
were randomized in an open-label fashion to receive TDF/FTC
plus either ATV/r, DRV/r, or RAL for at least 96 weeks. Enrolled
participants had no known cardiovascular disease, diabetes
mellitus, or uncontrolled thyroid disease. A total of 328 partici-
pants entered A5260s. In this analysis, we considered a subset
of 234 participants, referred to as the successfully treated pop-
ulation, who completed A5260s on their A5257 randomized
treatment (n = 283), achieved virological suppression (HIV-1
RNA <50 copies/mL) by week 24 and at subsequent time points
(n=249), and had no treatment interruptions >7 days (n = 234).
Of these participants, 214 had at least 1 AGE measure at both
baseline and week 96. Both the parent study and substudy were
approved by the institutional review boards at all participating
sites, and all participants provided written informed consent.
Further details of the parent study and substudy have been pre-
viously described [13, 14].

The institutional review boards at all participating institu-
tions approved the parent study A5257 and substudy A5260

(NCT00811954 and NCT00851799), and all participants pro-
vided written informed consent.

Study Evaluations

The AGEs were measured on stored samples from A5260s.
These samples were from 2 different time points: pre-ART
(baseline) and week 96. All remaining data come from data
sources that were measured during A5260s.

AGEs were measured by liquid chromatography-mass
spectrometry using internal stable heavy isotope-substi-
tuted standards (PreventAGE Health Care, Lebanon, New
Hampshire). Five dicarbonyl-derived circulating AGEs
compounds were measured: MG-H1, Ne-carboxymethyl
lysine (CML), (CEL),
derived hydroimidazolone 1 (G-H1), and 3-deoxyglucosone
hydroimidazolone (3DG-H). The analysis was performed

Ne-carboxyethyl lysine glyoxal-

on the serum filtrate after centrifugation through 10k cutoff
Amicon filters in a blinded fashion. An Agilent model 6490
Triple Quadrupole MS System with a 1290 Rapid Resolution LC
System was used for analyte detection. All AGEs were separ-
ated and analyzed in a single run using a single Waters X-select
HSS T3 2.5 pm, 2.1 mm X 150 mm column with a mobile phase
gradient of methanol/water with 0.20% heptafluorobutyric acid
and a total analysis time of 19 minutes. The interassay coeffi-
cient of variation ranged from 3.6% to 9.6%, as previously de-
scribed [11, 15].

Plasma biomarkers of systemic inflammation (high-sensitivity
C-reactive protein, D-dimer, interleukin 6), monocyte acti-
vation (soluble CD14 and soluble CD163, CD14"CD16", and
CD14%™CD16"), immune activation (CD4:CD38 "HLA-DR",
CD8:CD38'HLA-DR"),  immunosenescence  (CD4:PD1*
and CD28 CD57", CD8:PD1" and CD38 CD57"), oxidized
low-density and high-density lipoproteins, and adipocytokines
(adiponectin and leptin), which were previously measured, were
included in this analysis [14, 16, 17]. cIMT, a marker of cardi-
ovascular disease risk measured using a high-resolution linear
array ultrasound transducer, was also part of this analysis [17].
Previously collected markers of body composition [13], including
whole-body dual-energy x-ray absorptiometry (DXA) measure-
ments of the trunk and total limb fat, and single/slice computed
tomography scan measurements of abdominal visceral adipose
tissue (VAT), subcutaneous abdominal tissue (SAT), and total
adipose tissue, as well as measures of bone mineral density
(BMD) using DXA [18], including whole-body and site-specific
BMD, were also used in this analysis. The homeostatic model as-
sessment for insulin resistance (HOMA-IR) value was obtained
using the following calculation: log , (HOMA-IR) = log,  (glu-
cose [mg/dL] x log,  (insulin [TU] / 405)).

Statistical Analysis
Nonnormal data (including all AGEs) were log-transformed
on the log, scale. All treatment group comparisons were

2 o OFID « El Kamari et al



‘onssil 9sodIpe [BJ9dSIA ‘| A ‘ONSSI] [BUILLOPGE SNOSUBINOGNS ‘|/S {| 8u0|0zeplwiolpAy [exoA|BjlAylew ‘| H-D|A ‘@0uelsisal UliNsul 10} JUSWISSOSSE [9poW d11e1S08WOoY ‘HI-YIAOH ‘L euojozep!

10JpAY

poALIBP-[EXO0AIB ‘| H-D ‘auIsA| [AY1oWAXOGIBI-3N “TIAID ‘SSOUNOIY] BIPSWI-BLWIILUI PIIOJED ‘| |A]]O {[BAISIUI 82UBPIUO0D ‘| ‘auUISA| |AY1eAX0qIeI-3N 13D ‘Xapul SSew Apoq ‘||A|g ‘AlSuap [eldulul 8U0q ‘JIA|g ‘8u0|0ZepIWIOIPAY 8UOSOIN|BAX0SP-E ‘H-HJE :SUONBIASIGAY
“o|eos *Bo| By} U pezAleue Bie YI'YIAOH Pue ‘uinde ‘unosuodipy “[eAISIUl BOUSPIUOD %GE S} 81edIpul Sesayueled Ul SenjeA 'SV Ul 90UBIBHIP P|oy-Z B O} Jus|eAnbe s yoiym ‘syun 6o g0 se perueseld aie selewiise psisnipeun

6200 900 L10°0 60 100 JAN¢) €C0 LG0 Lv0 100 9L'0 onjend
(LLe=LL7) (£6°9L L¥-) (902¥-99'7) 9Or'L 'LEL-) (¢l =107 (0" '00™-) (211 '82-) (10" '€0™) (10" '€0™-) (§L-20) (10" 20-) 10 %S6
L9l G¢'8 98'G¢ L00 L0°0 L0°0 S0 L0°0— L0°0- 800 €00~ ejewnsy LH-OIN
LG0 800 990 LG0 L0 G0 60 6¢°0 G0 €0 LL°0 anjeAd
(€8% ¢ve-) (coov ‘veC-) (€8°€9 ‘LT 0v-) (8¢°C '951-) (¥ '20-) (50" '20™-) (691 '88'L-) (c0" 20™) (€0" '80™) (¥ '80-) (80" “LL-) 10 %S6
Lc'l 78'8l L8LL ll- LL°0 00 60°0— €0°0— €0°0— 800 L0°0— eleuliisy LH-D
L0 €00 920°0 8L°0 9L0'0 9L0'0 Y0 980 180 £00°0 L0 anend
(€0v 2E-) (vSLz-¢cv'L) (£919-9T'Y) (eez'sLL-) (£L=20) (5000 (o1 29-) (€0" '€0™-) (€0" 'v0™-) (€T-v0) (70" '80™-) 1D %56
€8l 8rvlL 96'G€ 6¢°0 600 €00 6€0 0 00°0- €Lo 00— alewnsy ND
L0°0 L00™> 2000 cL0 1000 6¢°0 cc0 6¢0 L0 100> €¢0 snjend
(92°G-6L) (r9cr-6C11) (15°06-9€°02) (681 ‘€L C) (€2-90) (70" "10™-) (96°L ‘v¥-) (10" 'G0-) (10" £0-) (Le—=oL) (€0 L1 ) 10 %56
LCE or'8¢ EV'qS cr0o- 10 L0°0 970 00— €0°0- c0 70°0— slewnsy 130
L0 [44l0) 900 LL0 S0 2200 [440) €80 990 ¢Lo 6L°0 onend
(cg'€ 'se) (7¥'6L LGP (8915 '€6™-) (7Sl '92°¢-) (L "%0™-) (#0-00') (¢¥'L '09-) (c0" '€0-) (¥0" '20™-) (91" '20-) (c0" '60™-) 10 %S6
vL'L L 8€'8¢ 9€'0~ €00 00 Lv'0 00°0- L0'0 L0°0 700~ elewliisy H-9a¢
S|OA97 96 JO8NA
§39°0 60 €0 990 L00™> 800 790 860 €50 190 60 anjend
(16" "LLL-) (78'9 £1°9-) (88'6 '06'8¢-) (191 'z0'L-) (¥1'=G0") (c0" '00-) (16" 'e8-) (c0" 'z20-) (c0" '€0-) (80" 'v0-) (#0" '€0) 10 %96
or'0— €0 LG6— 620 L0 L0'0 9L'0- 00°0— L0°0— 00 0 alewnsy LH-OIN
L0 81’0 L0°0 L0 200 910 900 L¢0 6L°0 o0 Lv'0 onjend
(LL"9L°G) (ogoL ‘66°LC-) (95°€ '9¢°¢6-) (86" '8G°5-) (G2-20) (50" "10™-) (60" ‘ez’e-) (c0" '80™-) (c0" '60™-) (60" ‘0C-) (¢l '50-) 10 %56
8¢ ¥8'G- SEvr— 0€'¢- €10 00 LGl €00~ 00— 90°0— ¥0°0 elewlilsy LH-©
880 L20 80 600 6000 cLo 8¢0 S0 660 L0 §g8'0 anend
(92T 'e6'L-) (66°SL "9Vt (60'7€ '68LC-) (§8°€ 22 (£L=20") (€0" '00-) (791 '8¥-) (¥0" '20™-) (¥0" ¥0-) (£L""20-) (90" '50™-) 1D %S6
JAN] LL°S L'e 6L°1 L0 L0'0 830 L0'0 00°0— 800 L0'0 alewnsy IND
S0 LEOO 80 6L°0 100> 2200 geo S9°0 Lv'0 L0°0 690 eneAd
(cLezgl-) (6L €T-€L) (LLze 's8Ler) (L6'€'8L-) (2z—90) (50—-00') (LL1'€9-) (€0" 'v0-) (20" '90™-) (lz"'10-) (£0°'G0-) 10 %56
8L°0 9cclL €6'¢ 9G'L L0 €00 LGS0 L0°0— 00— L0 100 ejewinsy 130
6L°0 850 L0 S6°0 0 L00 600 Gco 6¢°0 vZ0 €0 onend
(99" ‘0g7€-) (6GCL '00Z-) (0€79 'L615) (#0°C 'L6L-) (¢l 'e0-) (€0" '00™-) (€l '68'1-) (10" '50™-) (c0" '50™-) ¥0" L) (80" '¢0™-) 10 %S6
4505 6L¢C 08'¢ce— 900 00 00 880~ c0'0- 00— S0°0— €00 olewnsy H-9d¢
SIEACANR EENV
e [e10] 1VA 1vS SSE|N ueeT 4I-VINOH LINID INg awg diy ang vi-L1 unden unosuodipy wsunsnlpy

06 )93/\\ pue auljasegq Je siojae4 J1j0qe}awWoIpIes) pue s}onpoid puj uonesk|n pasueapy uaamiag sajewnsy uoissaifiay | ajqel

Role of AGEs in HIV « OFID « 3



done pairwise between each of the 3 treatment groups using
a 2-sided a value of 2.5%. All additional statistical tests used
a 2-sided 5% significance level. This analysis was explora-
tory in nature, and no adjustments were made for multiple
testing. Emphasis was placed on the magnitude of effect
sizes, consistency of observed effects, and hypothesis gen-
eration for future study. Descriptive summaries of absolute
levels (log,, transformed) and changes over time in serum
AGEs were generated by treatment arm at week 0 and week
96. Changes in the log | AGEs were converted to fold changes
for presentation. The mean fold changes were determined
by calculating the mean absolute difference between levels
on the log  scale and then back-transforming. Wilcoxon
rank-sum tests were used to contrast distribution shifts in
the changes in AGEs (from week 0 to week 96) between
treatment groups.

Cross-sectional (Table 1) and longitudinal (Table 2,
Supplementary Table 2) associations between AGE levels and
cardiometabolic factors were examined. Body composition
measures (VAT, SAT, lean mass, total fat, and BMI), cardiovas-
cular markers (measured by cIMT), insulin resistance (meas-
ured by HOMA-IR), and adipokines (leptin and adiponectin)
were the biomarkers studied. Numerical summaries of these
cardiometabolic factors at baseline and week 96 are shown in
Supplementary Table 2. At least 95% of participants had ob-
served measures at both time points. These associations were
also examined while adjusting for potential confounders (in-
cluding age, sex, race/ethnicity, smoking status, current alcohol
use, illicit drug use history, physical activity level, and baseline
HIV RNA load).

We then used linear regression to examine the relation-
ship between changes in circulating AGEs and changes in
cardiometabolic markers following 96 weeks of suppressive
ART. These associations are shown in Table 2 (with adjusted
models presented in Supplementary Table 2).

Heat maps depicting Spearman correlation coefficients
between AGEs with inflammatory markers and immune
activation markers (including monocyte and immune acti-
vation markers, oxidized lipoproteins, and inflammation and
immunosenesence markers), CD4" T cells, and HIV RNA load
(baseline only), as well as between changes in these biomarkers
over time, were generated for visualization.

RESULTS

Baseline Characteristics

Of the 234 participants who maintained virological suppres-
sion and remained on their treatment in A5260s, 214 partici-
pants had available plasma samples at both weeks 0 and 96 and
were included in this analysis. Sixty-four participants were ran-
domized to ATV/r, 75 to DRV/r, and 75 to RAL. Participants
had similar baseline demographics across treatment groups.

Overall, 10% of participants were female. Participants were
asked to self-identify their race/ethnicity, and overall, 29%
identified as Black (non-Hispanic) and 19% identified as
Hispanic (regardless of race). The median age was 36 years.
Forty-five percent of the population reported no history of
smoking, and 23% reported no current alcohol use. Physical
activity was assessed using the International Physical Activity
Questionnaire (IPAQ); activity was stratified into low, me-
dium, and high based on IPAQ definitions [19, 20]. Seventy-
nine percent of participants self-reported moderate physical
activity, while 17% reported low physical activity. Only 2%
were hepatitis B surface antigen positive, and 7% had a positive
hepatitis C serology. The median baseline HIV-1 RNA was 4.58
log , copies/mL, and the median CD4 count was 338 cells/uL,
as seen in Table 3.

Changes in AGEs and Cardiometabolic Markers Following 96 Weeks
of ART

Overall circulating levels of MG-H1 increased following 96
weeks of ART initiation, with a median fold-change (Q1, Q3)
of 1.13 (0.64, 2.14) from baseline. This increase was most pro-
nounced among participants in the ATV/r arm, with a median
fold change of 1.35 (0.66, 2.34), and in the RAL arm, with a me-
dian fold change of 1.13 (0.69, 2.73). We did not find any sub-
stantive changes among the remaining AGEs (3DG-H, G-HI,
CEL, and CML) following 96 weeks of ART initiation. There
were no differences between treatment groups in the change
of all the AGEs over the study period (P > .14; Figure 1 and
Supplementary Table 1).

Changes in insulin resistance, body composition measures,
and cardiovascular risk (measured by cIMT) from the A5260s
cohort have been previously published [13, 16, 21, 22].

Associations Between AGEs With Cardiometabolic Factors
Cross-Sectional Associations at Baseline (Pre-ART) and 96 Weeks
After ART

Associations between AGE levels and cardiometabolic fac-
tors at baseline and at week 96 are presented in Table 1. At
baseline, all AGEs, except 3DG-H1, were positively associated
with insulin resistance (measured by HOMA-IR). These as-
sociations remained of approximately the same magnitude
after adjusting for the potential confounders. Furthermore,
CEL was positively associated with cIMT and VAT at baseline.
After adjusting for age, the association of CEL with cIMT was
attenuated.

Associations between the AGEs and HOMA-IR were rel-
atively unchanged at week 96. Interestingly, new positive as-
sociations emerged between various AGEs and cIMT, body
composition measures (VAT, SAT, total fat), and adipokines
(leptin), as seen in Table 1. Associations between AGEs and
some body composition measures were diminished when ad-
justed for age.
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Table 3. Baseline Characteristics by Randomized Treatment Group

All Atazanavir/Ritonavir Raltegravir Darunavir/Ritonavir

Characteristics (N =214) (n=64) (n=75) (n=75)
Age, y, median (1st, 3rd quartiles) 36 (29, 45) 38 (31, 45) 36 (27 44) 36 (28, 47)
Sex, male 193 (90) 60 (94) 67 (89) 66 (88)
Race/ethnicity

White, non-Hispanic 102 (48) 33 (52) 34 (45) 35 (47)

Black, non-Hispanic 62 (29) 21 (33) 20 (27) 21 (28)

Hispanic, regardless of race 41 (19) 9 (14) 14(19) 18 (24)
Current smoking, yes 117 (55) 36 (56) 41 (55) 40 (53)
Alcohol usage

Never drink 50 (23) 16 (25) 15 (20) 19 (25)

Light, moderate, or heavy drinker 159 (74) 48 (75) 58 (77) 53 (71)

Missing 5(2) 0(0) 2 (3) 3(4)
Physical activity level

Low 36 (17) 1(17) 14 (19) 11 (15)

Moderate 169 (79) 50 (78) 60 (80) 59 (79)

Missing 9 (4) 3(5) 1(1) 5 (7)
Hepatitis B

Negative 205 (96) 62 (97) 71 (95) 72 (96)

Positive 5 (2) (3) 1(1) 2(3)

Missing 2(1) (0) 1(1) 2 (1)
Hepatitis C

Negative 199 (93) 57 (89) 68 (91) 74 (99)

Positive 14 (7) 7 (11) 6 (8) 1(1)

Missing 1(0) 0(0) 1(1) 0(0)
CD4* count, cells/pL, median (1st, 3rd quartiles) 338 (185, 451) 317 (180, 467) 348 (241, 451) 336 (166, 423)
HIV-1 RNA, log,, copies/mL, median (1st, 3rd quartiles) 4.6 (4.0,5.04) 4.7 (4.0,5.1) 4.5 (4.0, 5.0) 4.7 (4.1,5.0)
AGE, log,, nmol/L, median (1st, 3rd quartiles)

3DG-H 2.4 (2.3, 2.6) 2.4 (2.3, 2.6) 2.4 (2.3, 2.5) 2.4 (23, 2.6)

CEL 1.7 (1.7,1.8) 1.7 (1.6, 1.8) 1.7 (1.7, 1.9) 1.8 (1.7 1.9)

CML 1.9 (1.8, 2.0) 1.9 (1.8, 2.0) 1.9 (1.8, 2.0) 1.9 (1.8, 2.0)

G-H1 1.0 (0.9, 1.0) 0.9 (0.9, 1.0) 1.0 (0.9, 1.0) 1.0 (0.9, 1.0)

MG-H1 2.0(2.0,2.2) 2.0(1.8,2.2) 2.0(1.9,2.2) 2.0 (1.9, 2.3)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: 3DG-H, 3-deoxyglucosone hydroimidazolone; AGE, advanced glycation end product; CEL, Ne-carboxyethyl lysine; CML, Ne-carboxymethyl lysine; G-H1, glyoxal-derived
hydroimidazolone 1; HIV-1, human immunodeficiency virus type 1; MG-H1, methylglyoxal hydroimidazolone 1.

Changes Over 96 Weeks

Similar to what was observed in the cross-sectional analysis, a
2-fold increase in circulating levels of all AGEs, except G-H1,
was associated with a 0.10-0.13 log,  increase in HOMA-IR fol-
lowing 96 weeks of ART. This association remained of a similar
magnitude after adjusting for potential confounders.

Additionally, a 2-fold increase in CEL levels was associated
with a 13% increase in VAT; a 2-fold increase in G-H1 was as-
sociated with a 16% decrease in SAT; and a 2-fold increase in
levels of 3DG-H, CEL, CML, and MG-H1 was associated with a
1%-2% increase in lean mass. These associations remained rel-
atively unchanged after adjusting for clinically relevant factors
(Supplementary Table 2).

As for other the remaining biomarkers, we found that a 2-fold
increase in MG-H1 levels was associated with a 0.5% increase
in cIMT, although this was diminished after adjusting for age.
A 2-fold increase in 3DG-H, CEL, CML, and MG-H1 was as-
sociated with a 0.05 to 0.1 increase in log, leptin levels, and a

2-fold increase in 3DG-H and CEL was associated with a 0.03 to
0.05 increase in log,  adiponectin levels.

Associations Between AGE Levels, HIV Variables, and Markers of
Inflammation and Immune Activation

Associations between AGE levels with inflammatory and im-
mune activation markers are shown in Figure 2. A few modest
positive correlations emerged between circulating AGEs and
markers of monocyte activation and inflammation at baseline
(Figure 2A) and week 96 (Figure 2B) (p = 0.15-0.24). The cor-
relations between the changes in the AGEs and the changes in
these markers (Figure 2C) appeared to be approximately con-
sistent with the 2 cross-sectional time points. The associations
remained in similar directions, although many were weakened
when considering the change over time.

When looking at the associations between AGEs and HIV-related
variables (HIV viral load [baseline only, Figure 2A] and CD4 cell
count), a modest negative correlation was observed between CD4"
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Figure 1.  Changes in advanced glycation end product (AGE) levels over time by antiretroviral therapy arm. Abbreviations: 3DG-H, 3-deoxyglucosone hydroimidazolone;

AGEs, advanced glycation end products; ATV/r, atazanavir/ritonavir; CEL, Ne-carboxyethyl lysine; CML, Ne-carboxymethyl lysine; DRV/r, darunavir/ritonavir; G-H1, glyoxal-

derived hydroimidazolone 1; MG-H1, methylglyoxal hydroimidazolone 1; RAL, raltegravir.

T-cell count and G-H1 levels at baseline (Figure 2A, p = -0.15), but
not at week 96 (Figure 2B). Furthermore, a weak positive associa-
tion was observed between circulating G-H1 levels and HIV-1 RNA
level at baseline (p = 0.15), but not with other AGEs.

DISCUSSION

In the context of a large prospective randomized clinical trial
of ART initiation with TDF/FTC plus either ATV/r, DRV/r, or
RAL, we evaluated, for the first time in PLWH, changes in cir-
culating levels of AGEs over 96 weeks. We looked at the asso-
ciations between AGE levels and cardiovascular disease, body
composition, insulin resistance, inflammation, and immune
activation markers. Our results showed an increase in MG-H1
levels over 96 weeks of ART initiation, with no differences be-
tween treatment arms. A key finding in our exploratory analysis
was that increases in AGE level after ART initiation are poten-
tially associated with worsening body fat composition measures
(SAT, VAT, and total fat), insulin resistance (HOMA-IR), and
cIMT following 96 weeks of treatment.

Glycation is an irreversible, nonenzymatic reaction between
carbohydrates and free amino groups and is responsible for
AGE formation [23]. Accumulation of AGEs occurs as part
of normal aging, but can also occur at an accelerated rate with
high inflammatory and oxidative stress conditions, as well as
with hyperglycemia, and high protein turnover state [2, 23].
Very little is known about AGE levels in HIV, but recent studies
suggested that PLWH have increased levels of circulating AGEs
compared to matched HIV-uninfected controls [11]. Contrary
to our initial hypothesis, initiation of ART in treatment-naive
individuals leads to an increase in AGE levels; this could result
from high protein/DNA turnover and increase anaerobic gly-
colysis and lipid peroxidation [24, 25], all contributing to the
increase in endogenous AGE formation [24, 26, 27]. Our results
showed that among the 5 AGEs measured, only MG-H1 levels
significantly increased over time. One possible explanation is
that MG-HI1 is a more sensitive marker among measured AGEs.
MG-H1 is reported as 1 of the most abundant circulating AGEs
[28]. MG-HL1 is derived from methylglyoxal, which has been
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recognized as one of the most reactive AGE precursors and the
most potent glycating agent in the generation of AGEs on short-
lived proteins and DNA [29].

In ACTG A5260s and other ART initiation trials, markers
of insulin resistance, body composition measures, and cardio-
vascular disease were found to worsen after ART initiation [13,
21, 22], which has become a major concern with newer ART
regimens. The mechanism contributing to these complications
remains unknown and has been the focus of researchers for the
last 2 decades. Persistent inflammation and immune activation
were initially thought to be driving these complications; how-
ever, inflammation and immune activation indices often im-
prove with ART initiation [16, 30], and no clear associations
were identified between markers of inflammation, immune
activation, and cardiometabolic factors in multiple studies [10,
31, 32]. Our findings suggest that AGEs may play a role in the
development of cardiometabolic complications following ART
initiation. Previous data have shown that the accumulation of
AGEs has many consequences that can lead to a wide variety
of pathological effects [26, 33]. Recent and ongoing studies
have shown that AGEs are implicated in diabetic complications
[28], cardiovascular disease [34], cancer [35], and disorders of
the central nervous system [36]. Additionally, recent evidence
suggested that MG-H1-derived compounds are implicated in
the development of obesity [37] and metabolic disorders [38],
and were independent predictors of changes in intima-media
thickening [39]. In accordance with these findings, we found
that increases in the circulating levels of AGEs over time were
associated with worsening cardiometabolic factors following 96
weeks of ART initiation. AGEs can exert deleterious effects on
the structure and function of intracellular and extracellular pro-
teins [40], and can also bind to their specific receptors (RAGE),
inducing inflammation, cytokine formation, and macrophage
activations [41, 42]. Further understanding of the exact path-
ophysiology by which AGEs are involved in cardiometabolic
complications is important to provide new therapeutic oppor-
tunities to reduce these pathologies.

Despite the novelty of our findings, our study has some lim-
itations that should be acknowledged. First, dietary intake was
not assessed. Dietary AGE assessment, in particular, would
have helped answer whether dietary factors across the 96-week
period contributed to an increase in AGEs. Second, a control
group consisting of individuals who were not started on ART
would have helped ensure that the observed increases could not
be explained by a natural progression of HIV infection, despite
ART. Also, it is important to note that we did not correct for
multiple comparisons due to the exploratory nature of our anal-
ysis. Furthermore, our study population was limited by design
to those who were able to suppress and remain suppressed on
their ART regimen over 96 weeks and had available samples for
analysis from both pre-ART initiations (week 0/baseline) and
at week 96. Further studies are warranted to understand better

the pathogenesis leading to the elevated AGE levels in this pop-
ulation. Furthermore, a definitive claim regarding the causation
between AGEs with cardiovascular and metabolic complica-
tions cannot be made, and this will require a concerted effort
from multiple fields, including in vitro work and controlled ex-
periments in animal models.

Our results may have important clinical relevance, suggesting
that the accumulation of AGEs is associated with increased
cardiometabolic biomarkers in PLWH and that targeting
AGEs might be a potential therapeutic target for treating these
comorbidities in HIV.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility
of the authors, so questions or comments should be addressed to the
corresponding author.
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