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Aims: Inflammation plays a critical role in the pathogenesis of coronary artery disease
(CAD), however the impact of anti-inflammatory therapies to reduce those processes
which promote atherosclerosis in CAD patients is unknown. We aimed to test the
hypothesis that anti-inflammatory approaches improve impaired coronary endothelial
function (CEF), a driver of coronary atherosclerosis, in stable CAD patients.

Methods and Results: \We performed a single-center, randomized, placebo-controlled,
double-blinded trial to assess whether low dose methotrexate (MTX), low dose colchicine
(LDC), and/or their combination (MTX+LDC), improves CEF using non-invasive MRI
measures in patients with stable CAD (N = 94). The primary endpoint was the
MRI-detected change in coronary cross-sectional area from rest to isometric handgrip
exercise (IHE), a predominantly nitric oxide-dependent endothelial dependent stressor.
Coronary and systemic endothelial endpoints, and serum inflammatory markers, were
collected at baseline, 8 and 24 weeks. Anti-inflammatory study drugs were well-tolerated.
There were no significant differences in any of the CEF parameters among the four groups
(MTX, LDC, MTX+LDC, placebo) at 8 or 24 weeks. Serum markers of inflammation
and systemic endothelial function measures were also not significantly different among
the groups.

Conclusion: This is the first study to examine the effects of the anti-inflammatory
approaches using MTX, LDC, and/or the combination in stable CAD patients on
CEF, a marker of vascular health and the primary endpoint of the study. Although
these anti-inflammatory approaches were relatively well-tolerated, they did not improve
coronary endothelial function in patients with stable CAD.

Clinical Trial Registration: www.clinicaltrials.gov, identifier: NCT02366091.

Keywords: inflammation, coronary artery disease, coronary endothelial function, magnetic resonance imaging,
flow mediated dilatation
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INTRODUCTION

Despite advances in contemporary preventive and treatment
strategies, coronary atherosclerosis remains prevalent and its
manifestations have a high personal and societal toll. Because
coronary atherosclerosis is an inflammatory disease (1), there
is renewed interest in inflammation as a treatment target (2-4).
Endothelial cell injury occurs at the earliest stages of coronary
atherosclerosis and inflammatory cells, cytokines, and mediators
are involved in all stages of CAD (1, 5). Although coronary
atherosclerosis is recognized as an inflammatory process, this
important concept is still not applied in the management of
patients with, or at risk for, the disease. One important reason
is the lack of an established and easily obtained measure of
the effect of inflammation on the processes which result in
coronary atherosclerosis. Inflammation undoubtedly enhances
the development and progression of coronary atherosclerosis via
several mechanisms, but endothelial dysfunction is believed to
be one common result of these mechanisms (6) and is thus a
potential target for medical interventions (6, 7).

One of the principal manifestations of impaired coronary
endothelial function is decreased elaboration of nitric oxide
(NO) in response to interventions which stimulate endothelial-
dependent NO release. NO-mediated changes in coronary cross
sectional area and blood flow were historically measured by
conventional coronary catheterization-based techniques which
are not well-suited to clinical trials in stable patients. Fortunately,
non-invasive CEF measures were developed that use 3T magnetic
resonance imaging (MRI) to assess endothelial-dependent
coronary vasomotor function and these MRI-CEF measures
were shown to be reproducible, primarily NO-mediated, and
to improve within weeks following LDL lowering with PCSK9
inhibition (8, 9).

Although statins have anti-inflammatory properties (10),
cardiovascular event rates remain high in statin treated
CAD patients (11), and statins alone do not fully suppress
inflammation in many patients (4). Several very recent trials
of anti-inflammatory strategies (canakinumab, methotrexate,
colchicine) in CAD or myocardial infarction patients reported
varied results from reduced events to no benefit (3, 4, 12). It is not
clear whether the discrepancies are due to differences in the anti-
inflammatory agents or to the populations studied. To date there
are no head-to-head comparisons of anti-inflammatory agents
in patients with CV disease in a single trial. Likewise, there are
no studies of the direct effects of anti-inflammatory strategies
on the endothelial processes that contribute directly to coronary
atherosclerosis or its progression.

In this study, we performed a randomized double-blinded,
placebo-controlled trial to test the hypothesis that anti-
inflammatory approaches, namely low dose methotrexate
(MTX), low dose colchicine (LDC), and/or their combination,

Abbreviations: CAD, coronary artery disease; CEF, coronary endothelial function;
CSA, cross-sectional area; CBV, coronary blood velocity; CBE, coronary blood
flow; FMD, flow mediated dilatation; LDC, low dose colchicine; MRI, magnetic
resonance imaging; MTX, methotrexate; NO, nitric oxide; PCSK9, proprotein
convertase subtilisin/kexin type 9.

improve impaired local CEF compared to placebo in patients
with stable CAD and either elevated markers of inflammation
or diabetes/metabolic syndrome, both inflammatory states. We
chose these agents because methotrexate and colchicine have
been used in clinical practice for decades to treat inflammatory
diseases, they are less expensive that canakinumab and, in
observational studies are associated with reduced cardiovascular
risk (13). The combination of MTX and LDC (MTX+LDC) is
used to treat primary biliary sclerosis and its incorporation in
one of the study arms is an additional novel aspect of this trial.
In addition, to test whether anti-inflammatory strategies have a
rapid, direct vascular effect akin to that previously demonstrated
by statins (14), we assessed coronary artery endothelial function
by MRI and systemic endothelial function by flow mediated
dilation (FMD) in the brachial artery after 8 weeks and again after
24 weeks.

METHODS

This was a single-center, randomized, double-blinded, placebo-
controlled trial with a 2 x 2 factorial design conducted at the
Johns Hopkins Hospital and funded by the National Institutes
of Health. The purpose was to test the hypothesis that anti-
inflammatory strategies improve coronary and systemic arterial
endothelial function. Stable CAD patients were recruited from
the outpatient clinics at Johns Hopkins Medicine who were on
conventional medical therapy (Table 1) and who had either (a)
hsCRP >2 mg/L or (b) either the metabolic syndrome or diabetes.
Potential participants underwent screening MRI to measure CEF
and those with at least one coronary segment qualifying as
“abnormal CEF” [defined as no change or a decrease in coronary
cross-sectional area (CSA) during isometric handgrip exercise,
i.e., a change of <0% of the resting value (8, 15, 16)] underwent
additional screening procedures (Figure 1).

After completing all screening procedures, qualifying subjects
were randomly assigned to one of the following groups by the
Johns Hopkins Investigational Pharmacy:

1) MTX: methotrexate (15 mg weekly) + placebo for colchicine
(daily) + folate (1 mg daily);

2) LDC: colchicine (0.6 mg daily) + placebo for methotrexate
(weekly) + folate (1 mg daily);

3) MTX+LDC: methotrexate (15mg weekly) + colchicine
(0.6 mg daily) + folate (1 mg daily); or

4) Placebo: placebo for methotrexate (weekly) + placebo for
colchicine (daily) + folate (1 mg daily).

Folate was administered to reduce potential side effects of
MTX and was given to all groups to avoid confounding. The
investigators and participants were blinded to the study drug
assignment. The study protocol was approved by the Institutional
Review Board at The Johns Hopkins Hospital and University
School of Medicine and complies with the Declaration of
Helsinki. All participants provided written informed consent.
Enrollment began April 2015 and the trial ended December 2018.
Additional details appear in the Supplementary Material and the
trial was registered at www.clinicaltrials.gov (NCT02366091).
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TABLE 1 | Demographic characteristics of trial population.

Baseline characteristics of trial participants

Both MTX and

Colchicine and

MTX and placebo for

Placebo for both

colchicine placebo for MTX colchicine MTX and colchicine

(n=24) (n=23) (n=24) (n=23)
Median age (IQR)—year 63.4 (56.9-70.7) 66.8 (56.2-67.9) 61.6 (56.7-68.7) 63.9 (55.9-69.5)
Male sex—no. (%) 21 (87.5) 21(91.3) 18 (75.0) 21(91.3)
Caucasian—no. (%) 21(87.5) 19 (82.6) 20 (83.3) 20 (87.0)
Black—no. (%) 2 (8.3 3(13.0) 2(8.3) 2(8.7)
Asian—no. (%) 0 1(4.9) 14.2) 1(4.9)
Native American—no. (%) 0 0 0 1(4.3)
Other race—no. (%) 14.2) 0 14.2) 0
Not Hispanic ethnic group—no. /group number (%) 23 (95.8) 22 (91.7) 23 (95.8) 22 (91.7)
Current smoker—no. (%) 4(16.7) 2(8.7) 2(8.3) 2(8.7)
Ex-Smoker—no. (%) 16 (66.7) 12 (52.2) 10 (41.7) 12 (52.2)
Never smoked—no. (%) 4(16.7) 9 (39.1) 12 (50.0) 9 (39.1)
Currently consumes alcohol—no. (%) 20 (83.3) 16 (69.6) 18 (75.0) 20 (87.0)
Ex- Drinker of alcohol—no. (%) 2 (8.3 5(21.7) 4(16.7) 3(13.0)
Never consumes alcohol—no. (%) 2(8.9) 2(8.7) 2(8.9) 0
Median body-mass index (IQR) 29.6 (28.0-34.0) 29.2 (26.4-32.6) 30.0 (27.1-32.5) 29.5 (27.7-32.9)
Hypertension—no. (%) 20 (83.3) 21(91.9) 20 (83.9) 19 (82.6)
Myocardial infarction—no. (%) 10 (41.7) 12 (62.2) 12 (50.0) 14 (60.9)
History of percutaneous coronary intervention—no. (%) 20 (83.3) 15 (65.2) 17 (70.8) 19 (82.6)
History of coronary-artery bypass grafting—no. (%) 0 3(13.0) 3(12.5) 5(21.7)
History of hyperlipidemia—no. (%) 22 (91.7) 23 (100.0) 21 (87.5) 23 (100.0)
History of congestive heart failure—no. (%) 14.2) 0 0 1.3
Diabetes—no. (%) 8(33.9) 11(47.8) 12 (50.0) 8(34.9)
Metabolic syndrome—no. (%) 23 (95.8) 22 (95.7) 22 (91.7) 22 (95.7)
Diabetes and metabolic syndrome—no. (%) 8(33.3) 10 (43.5) 10 (41.7) 8(34.8)
Use of ACE inhibitor or ARB—no. (%) 21 (87.5) 18(78.3) 17 (70.8) 15 (65.2)
Use of statin—no. (%) 24 (100.0) 23 (100.0) 24 (100.0) 23 (100.0)
Use of beta-blocker—no. (%) 11 (45.8) 17 (73.9) 17 (70.8) 15 (65.2)
Use of antiplatelet or antithrombotic agent—no. (%) 14 (58.3) 9(39.1) 13 (54.2) 9(39.1)
Median high-sensitivity C-reactive protein level (IQR) 1.70 (0.80-3.03) 1.00 (0.80-2.20) 1.05 (0.60-2.48) 0.70 (0.40-1.15)

One participant in the placebo arm self-identified with more than one race.

Study Procedures

Initial evaluation at baseline consisted of history, physical exam,
and blood draw. Patients underwent MRI for CEF measures
and brachial ultrasound for FMD at baseline, prior to study
drug administration and after 8 and 24 weeks of study-
drug administration. Study drug compliance was assessed by
questionnaire and pill count at the 8, 16, and 24 week follow-
up visits.

MRI Methods for Coronary Endothelial
Function (CEF)

Patients underwent MRI studies of CEF in the fasting state
at baseline, 8- and 24-weeks using MRI methodology at rest
and during continuous IHE as previously described (8, 15, 16).
Detailed MRI parameters were previously published (15, 16),
and further details are available in the Supplementary Material.
Images were analyzed blinded to study-drug assignment and
clinical information for CEF, as measured by change in cross-
sectional area (CSA), coronary flow velocity (CFV), and coronary

blood flow (CBF), as previously validated and described (15, 17).
Our prior studies using this methodology demonstrated low
intra- or inter-observer variability with good reproducility over
8 weeks (8).

Systemic Endothelial Function and

Inflammatory Biomarkers

Brachial flow mediated dilatation (FMD) and velocity
were measured in the fasting state using standard
techniques and analyzed in blinded fashion. Inflammatory
biomarkers were measured at the University of Vermont
(Supplementary Table 1).

Sample Size

To test whether any of the anti-inflammatory strategies (i.e.,
LDC, MTX, and/or their combination) improves CEF in stable
CAD patients with increased inflammation and abnormal CEF
as compared to that of patients receiving placebo, this 2 x 2
factorial trial was designed with the primary endpoint of change
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111 Participants completed
screening MRIs

12 Excluded
ol 9 Did not qualify by screening MRI

3

y

3 Did not qualify by lab work

99 Were eligible

5 Excluded

» 3 Declined to proceed after qualifying by MRI
2 Not randomized due to enroliment completion

94 Randomized

\

24 Randomized to both
Methotrexate + Colchicine

23 Randomized to Colchicine +
placebo for Methotrexate

24 Randomized to Methotrexate +
placebo for Colchicine

23 Randomized to both placebo for
Methotrexate + placebo for
Colchicine

21 Included in primary analysis

3 Excluded (0 withdrew prior to
primary endpoint and 3 before
starting study drug)

16 Included in primary analysis

7 Excluded (5 withdrew prior to
primary endpoint and 2 before
starting study drug)

21 Included in primary analysis

3 Excluded (2 withdrew prior to
primary endpoint and 1 before
starting study drug)

22 Included in primary analysis

1 Excluded (1 withdrew prior to
primary endpoint and 0 before
starting study drug)

FIGURE 1 | Trial flow chart.

in coronary cross-sectional area (CSA) from rest to that during
THE at 8 weeks. We chose this parameter because it reflects
NO-dependent CEF and was shown to be reproducible over 8
weeks (8). CSA increases during IHE in healthy subjects and
is unchanged or declines in patients with CAD (15, 18) and
so the sample size was powered on the assumption that an
anti-inflammatory medication would improve the CSA change
to values midway between those of CAD patients and healthy
subjects, in line with methotrexate-induced changes in FMD
in patients (19) and the improvement in coronary endothelial
function observed with statins (20). With a sample of 88 (22 in
each cell), the power was 0.83 (alpha = 0.05, two-sided test) to
detect a difference between the response in the placebo group
and the response in each of the anti-inflammatory groups (8, 16).
In November 2018, the CIRT trial was published showing no
cardiovascular benefit of MTX (3). With guidance from the
DSMB, this trial was stopped at a time when ~90% of the planned
population had been enrolled (remaining power 0.8). Details of
sample size calculations appear in the Supplementary Material.

Statistical Approach
Demographic and baseline characteristics (e.g., age, race, sex,
height, weight, etc.) were summarized using descriptive statistics

for all participants. The primary analysis used an intent-to-
treat approach. The primary efficacy endpoint was the % change
in CSA from rest to IHE at the end of 8 weeks of the anti-
inflammatory or placebo administration periods. The secondary
efficacy endpoints included stress-induced change in CBF after 8
weeks of treatment, and change in CSA and CBF with IHE after
24 weeks of treatment. Further statistical details and methods are
in the Supplementary Material.

RESULTS

There were no significant differences in baseline clinical and
demographic characteristics among subjects randomized to the
four study groups (Table1). The median age was 63 years
and 14% were women. Fifty-nine percent of the participants
had metabolic syndrome with a median BMI of 29.5 kg/m?.
Participants were clinically stable with a prior history of PCI
in 75% and of prior myocardial infarction in 51%. Most
patients were receiving guideline-recommended medical therapy
for heart disease and all were on statin therapy. The median
baseline hsCRP level for the entire cohort was 1.00 mg/L and
the median low-density lipoprotein cholesterol level (LDL) was
74 mg/dL with no significant differences among the groups.
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FIGURE 2 | Representative coronary artery MRI images for CEF. (A) A scout MRI obtained parallel to the right coronary artery (RCA) is shown with the location for
subsequent cross-sectional imaging (yellow outline). (B) Image acquired along the yellow-outlined region in (A) with RCA in cross-section (white arrow). The dotted
rectangle in (B) is magnified in subsequent panels and shows the region analyzed for cross-sectional area at rest (C) and during exercise (D). Flow velocity images of
the same segment at rest (E) and during IHE (F) using a phase contrast technique wherein signal darkness increases only slightly during IHE, indicating an impaired
velocity response. (G,H) Relative changes (%) in coronary artery cross sectional area (CSA), and coronary blood-flow (CBF) detected by MRI during isometric handgrip
exercise at 8 weeks (G) and 24 weeks (H) for those on methotrexate (MTX, black), colchicine (gray), MTX and colchicine (red), and placebo (blue). Error bars indicate
standard error of the mean. There were no significant differences in coronary endothelial function parameters between the placebo and anti-inflammatory treatments
at the 8 week (primary) end point. % CSA change was lower in colchicine than placebo (o = 0.02) at 24 weeks. Ao, aorta; LV, left ventricle; RV, right ventricle.
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Nine subjects qualified by hsCRP >2 mg/L criteria alone, 67
by diabetes/metabolic syndrome criteria, and 18 participants by
both hsCRP and diabetes/metabolic syndrome. The disposition
of subjects during the trial is shown in Figure 1.

Primary and Secondary End Points,

Coronary Endothelial Function

Representative images are shown in Figure 2. At baseline, the
mean percent change in coronary cross sectional area (CSA)
change with IHE for qualifying coronary segments was —11.8%
+ 1.1% and for all coronary segments was +0.06% == 1.1%. The
percent change at baseline in the endpoint coronary blood flow
(CBF) with IHE for qualifying coronary segments was +1.6% =+
3.9% and +14.3% & 2.9% for all coronary segments, consistent
with previously published studies in patients with CAD with
endothelial dysfunction (15, 16).

The primary endpoint for the study, the change in CSA
with THE following 8 weeks of the anti-inflammatory treatments
(MTX, LDC, or MTX + LDC) vs. placebo, did not differ among
the study groups (Figure 2). Following 8 weeks of MTX, the
mean IHE-induced percentage change in CSA for all segments
was —1.7% £ 2.9%, following LDC: +2.7% =+ 3.7%, following
MTX+LDC: —0.4% =+ 2.2%, and following 8 weeks of placebo
was +2.0% £ 2.1% (p = NS, Figure 2G). Similarly, there were
no significant differences in % CBF change with IHE at 8 weeks
between groups (Figure 2G). Similarly, there were no differences
among the groups in CEF at 8 weeks if only qualifying coronary
segments were included in the analysis. In terms of other
secondary endpoints such as CEF at 24 weeks, the % CSA change
in the placebo arm was higher than that with colchicine (p = 0.02)
but no significant differences in % CBF change among treatment

groups were observed at 24 weeks (Figure 2H). Detailed CEF
results are presented in Supplementary Tables 3, 4.

Secondary Endpoints, Systemic
Endothelial Function, and Inflammatory

Markers

At 8 weeks, administration of MTX, LDC, the combination or
placebo did not result in significant changes in the inflammatory
biomarkers of hsCRP, interleukin-6 (IL-6) or interleukin-1B from
baseline values (Figure 3). At baseline, brachial FMD was 3.7% =+
0.3% (mean = standard error) for all study participants with no
significant differences among groups (Supplementary Table 3).
There were also no differences in brachial FMD among groups
after either 8 or 24 weeks of study drug administration
(Supplementary Tables 3, 4).

Safety

Overall, study treatment was relatively well-tolerated (Table 2).
The most common adverse events were gastrointestinal
disorders, minor infections and joint and muscle aches. There
were very few serious AEs during the course of the study
and no difference among study groups (Table 2). The reasons
for premature withdrawal due to an AE are presented in
Supplementary Table 2, with the most common reason being
gastrointestinal complaints (3 in LDC group and 3 in MTX
group). There were no significant changes in AST, ALT, white
blood cell count, or LDL cholesterol at 8 weeks as compared to
baseline. At 8 weeks, there were small but significant differences
in AST level (between the placebo and MTX + LDC groups)
and hematocrit (placebo vs. MTX) (Figure 3), as well as in

TABLE 2 | Adverse events are shown in each study group.

Methotrexate
(n=24)

Adverse event or laboratory value (No. of patients)

Placebo
(n=23)

Methotrexate + Colchicine
(n=24)

Colchicine
(n=23)

~
=

Adverse events

Infection (respiratory or other)

Gastrointestinal disorder

Joint/Muscle soreness/Stiffness

Chest pain

Extremity swelling

Dental pain/Infection

Rash

Palpitations

Physical injury

Anxiety/Depression

Increased aspartate amino trans >3X the normal range
Increased alanine amino trans >3X the normal range
Decreased white blood cell count

Decreased hematocrit

Decreased Est GFR

Serious adverse event

W o, =2 OO O M 242N O 2+ 20O

W
[e¢]
N
()]
W
w

N = O N O O =+ N =+ N =+ N = N O o
O W W = 24 4 W 2 a4 2N O = NN O
- A O WO OO NOO = 24 4 NN

There were no significant differences in each adverse event among groups by Cox analysis.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6

October 2021 | Volume 8 | Article 728654


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Hays et al.

Anti-inflammatory Medications and Coronary Disease

thrombomodulin (placebo vs. colchicine) and sSICAM3 (placebo
vs. MTX + LDC) (Supplementary Table 3).

DISCUSSION

We believe this to be the first trial comparing different
anti-inflammatory strategies in patients with CAD. In this
randomized, double-blinded, placebo-controlled clinical trial, an
anti-inflammatory approach with MTX, LDC or the combination
of the two did not improve coronary endothelial dysfunction in
stable CAD patients on statin therapy. Treatment with MTX,
LDC, and the combination did not result in significantly more
adverse events or serious adverse events compared to placebo
(Table 2). Moreover, we observed that treatment with these
anti-inflammatory agents did not result in reductions of serum
markers of inflammation or improvements in systemic brachial
endothelial function in patients with stable CAD.

Endothelial-dependent  coronary vasoreactivity is an
important index of vascular health and predicts cardiovascular
events (6, 21). CEF is impaired early in the atherosclerotic
process and can now be measured using novel non-invasive MRI
methods (15). Recent studies demonstrate that MRI measures
of CEF performed during IHE quantify nitric oxide-mediated
coronary endothelial vasoreactivity with excellent short- and
longer-term reproducibility (8, 15). Primary and secondary
prevention medications such as statins and ACE-inhibitors
improve CEF (7, 22). We measured endothelial function at 8
and 24 weeks because prior studies showed that statins rapidly
improve endothelial function in the short term (days to weeks)
(20, 23, 24) and in the longer term (5-6 months) (7). More
recently, we observed that the PCSK9 inhibitor evolocumab
improves CEF measured with these MRI techniques in just 6
weeks in patients with dyslipidemia and people living with HIV
(9), indicating that the MRI-handgrip technique is sensitive
enough to detect relatively rapid improvements in CEF in
response to treatment more rapidly and in smaller cohorts than
studied here.

A growing body of evidence suggests that inflammation plays
an important role in coronary atherosclerosis and endothelial
dysfunction, and there is heightened interest in using therapies
that target inflammatory pathways to treat atherosclerosis and its
complications (25). Recently, several large randomized clinical
trials reported varying results using different anti-inflammatory
approaches in CAD patients. The CANTOS (Canakinumab Anti-
inflammatory Thrombosis Outcome Study) trial showed that
the monoclonal antibody canakinumab directed against IL-1B
was effective in reducing recurrent cardiovascular events in
patients with prior MI and elevated CRP (4). Canakinumab
reduced systemic biomarkers of inflammation and vascular
events, but was associated with an increased risk of fatal sepsis
compared to placebo (4). The more recent CIRT (Cardiovascular
Inflammation Reduction Trial) study evaluated the effect of
low dose MTX vs. placebo in CAD patients with metabolic
syndrome or diabetes and residual increased inflammation, and
found that MTX did not reduce inflammatory markers or
events compared to placebo and was stopped prematurely due

to futility (3). In the present study, we used a similar dose
of MTX and many similar entry criteria and also observed
that MTX did not lower markers of inflammation compared
to placebo, and show here for the first time that MTX
does not improve endothelial dysfunction at 8 and 24 weeks
of administration.

Several recent trials evaluated the utility of colchicine to
reduce cardiovascular events in patients with CAD (12, 26).
While a higher dose of colchicine (0.5 mg twice daily) lowered
CRP levels, a lower dose (0.5 mg daily) was used in subsequent
endpoint trials (27). The LoDoCo-MI evaluated the acute effects
of colchicine vs. placebo in patients following acute MI and with
persistently elevated CRP (>2 mg/L), and found that colchicine
did not reduce CRP levels 30 days after MI (28). The very recent
and much larger COLCOT trial randomized acute MI patients
to low does colchicine vs. placebo and reported a reduction
in a composite endpoint of cardiovascular events driven by a
lower incidence of stroke and hospitalization for angina in the
colchicine group (12). However the inflammatory states in the
setting of acute MI as studied in COLCOT compared to stable
CAD as studied in the present trial are likely different (12).
Moreover, CRP levels declined after MI on both study drugs in
COLCOT and there was no difference in CRP decline between
colchicine and placebo. Importantly, there was no significant
difference in cardiac events (acute infarct and ACS) and the
composite event difference was driven by a stroke benefit with
colchicine compared to placebo. The most recent LoDoCo2
trial in patients with chronic CAD showed that colchicine
reduced a composite primary end-point of cardiovascular death,
spontaneous myocardial infarction, ischemic stroke, or ischemia-
driven coronary revascularization events but increased the risk
of death from non-cardiovascular causes (29). Inflammatory
biomarkers were not reported in LoDoCo?2 so it is unclear if the
effects of colchicine on clinical endpoints were due to suppressing
inflammation, duration of treatment or patient specific factors.
However, a proteomic sub-study of LoDoCo2 reported that
hsCRP and other inflammatory biomarkers were significantly
reduced in the colchicine group after 30 days of treatment (30).
Other studies have reported that colchicine favorably improves
coronary plaque morphology (31) and may play a role in
reducing local cardiac inflammatory cytokine production (32).
Our study is the first to compare multiple anti-inflammatory
medications in the same trial (LDC, MTX, LDC + MTX)
and we observe that colchicine alone or in combination with
methotrexate does not improve coronary endothelial dysfunction
over the short and intermediate term in stable CAD patients on
statins. The finding that our anti-inflammatory approach with
MTX, LDC or the combination did not reduce inflammatory
markers such as CRP is also consistent with the findings in other
randomized clinical trials (CIRT, LODOCO-MI, and COLCOT)
that reported a neutral effect of similar anti-inflammatory
strategies on CRP and other inflammatory markers.

Adverse Events

There were no significant differences in serious adverse events
experienced during treatment with anti-inflammatory agents
compared to placebo. All reported AEs were only mild-moderate
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in severity, and these findings confirm prior studies of the relative
safety and tolerability of MTX and LDC. There are limited
data using the combination of MTX and LDC which was not
studied previously in CAD patients. A previous study in patients
with primary biliary cirrhosis using the combination of LDC
and MTX reported few side effects over a 3.4 year period (33).
This is consistent with the results of our study, which provides
important safety data for their combined use over a 24 week
period in patients with stable CAD.

Limitations

Our study was not powered for clinical outcomes but instead
exploited powerful imaging approaches to directly evaluate
coronary vascular health in response to the inflammatory
interventions in a relatively modest sample size. The cohort size
was justified with sample size estimates using prior published
data of MRI measures of CE (8, 34). In addition, a prior
study showed that this MRI-CEF approach can detect earlier
improvements in CEF with PCSK9 inhibition in a smaller-sized
cohort (9). The lack of trending differences for benefit among
the study groups indicates that a considerably larger sample size
is unlikely to have resulted in any significant group differences
as well. It may be of interest in future trials to evaluate only
subjects with biomarker evidence residual inflammatory risk, as
done in the CANTOS trial (4). The MRI-CEF approach can
safely detect coronary functional abnormalities in children and
adolescents with type I diabetes (35) and thus can be applied to
study vascular health and the impact of potential interventions
across the lifespan.

Conclusion

In summary, our study is the first to examine and compare the
effects of anti-inflammatory approaches using MTX, LDC or
the combination of the two on coronary endothelial dysfunction
in patients with stable CAD and either elevated hsCRP or
diabetes/metabolic syndrome on stable statin therapy. The
anti-inflammatory agents MTX and LDC were generally well-
tolerated; however, they did not improve coronary endothelial
function, a well-established “barometer” of vascular health.
Although MTX and LDC are commonly available, relatively
inexpensive anti-inflammatory medications with well-known
safety profiles, prior large trials suggest the benefits for
cardiovascular disease are difficult to detect (MTX) or possibly
limited to mostly cerebrovascular events in selected populations
(colchicine). Although prior studies after CABG or post-MI
suggested rapid effects of some of these agents to reduce
inflammatory biomarkers (28), the current study demonstrates
that these agents at these dosages do not reduce systemic
markers of inflammation over 2 months in stable CAD patients.

REFERENCES

1. Ross R. Atherosclerosis—an inflammatory disease. N Engl ] Med. (1999)
340:115-26. doi: 10.1056/NEJM199901143400207

These findings suggest that the short-term and intermediate-
term use of these anti-inflammatory approaches in stable CAD
patients do not significantly improve either coronary artery or
systemic endothelial function, both well-established predictors of
cardiovascular outcomes and measures of vascular health.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Johns Hopkins Institutional Review Board. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

This randomized trial was designed by RW, AH, GG, and
SL. Patient visits, blood sample collection and preparation,
and/or data entry and quality assurance were performed by AS
and SS. The MRI and ultrasound data were collected and/or
analyzed by AH, MS, GB, YA, and JM. Statistical analysis was
performed by SL. This manuscript was drafted by AH. Critically
edited by AH, GG, SL, and RW. Funding was obtained by
RW. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Institutes of Health
(HL120905 to RW, HL147660 to AH), the American Heart
Association (AHA 17GRNT33670943 to AH), and the Clarence
Doodeman Endowment in Cardiology at Johns Hopkins
University School of Medicine.

ACKNOWLEDGMENTS

The authors thank the members of the Data Safety and
Monitoring Board, the physicians who referred patients to this
study and the patients who participated.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.728654/full#supplementary-material

2. Ridker PM. Clinician’s guide to reducing inflammation to
reduce atherothrombotic risk: JACC review topic of the week.
] Am Coll Cardiol. (2018) 72:3320-31. doi: 10.1016/j.jacc.2018.

06.082

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 728654


https://www.frontiersin.org/articles/10.3389/fcvm.2021.728654/full#supplementary-material
https://doi.org/10.1056/NEJM199901143400207
https://doi.org/10.1016/j.jacc.2018.06.082
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Hays et al.

Anti-inflammatory Medications and Coronary Disease

10.

11.

12.

13.

14.

15.

16.

17.

. Libby P, Ridker PM, Maseri A.

. Hays

. Ridker PM, Everett BM, Pradhan A, MacFadyen ]G, Solomon DH, Zaharris

E, et al. Low-dose methotrexate for the prevention of atherosclerotic
events. N Engl ] Med. (2019) 380:752-62. doi: 10.1056/NEJMoal8
09798

. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne

C, et al. Antiinflammatory therapy with canakinumab for atherosclerotic
disease. N Engl ] Med. (2017) 377:1119-31. doi: 10.1056/NEJMoal7
07914

Inflammation and atherosclerosis.

Circulation. (2002) 105:1135-43. doi: 10.1161/hc0902.
104353
. Deanfield JE, Halcox JP, Rabelink TJ. Endothelial function
and  dysfunction: testing and clinical relevance.  Circulation.
(2007) 115:1285. doi: 10.1161/CIRCULATIONAHA.106.
652859

. Treasure CB, Klein JL, Weintraub WS, Talley JD, Stillabower ME,

Kosinski AS, et al. Beneficial effects of cholesterol-lowering therapy
on the coronary endothelium in patients with coronary artery disease.
N Engl ] Med. (1995) 332:481-7. doi: 10.1056/NEJM1995022333
20801

AG, Iantorno M, Soleimanifard S, Steinberg A, Schar M,
Gerstenblith G, Coronary vasomotor responses to isometric
handgrip exercise are primarily mediated by nitric oxide: a noninvasive
MRI test of coronary endothelial function. Am ] Physiol Heart
Circ  Physiol. ~ (2015)  308:H1343-50.  doi:  10.1152/ajpheart.000
23.2015

et al

. Leucker TM, Gerstenblith G, Schar M, Brown TT, Jones SR, Afework Y,

et al. Evolocumab, a PCSK9-monoclonal antibody, rapidly reverses coronary
artery endothelial dysfunction in people living with HIV and people with
dyslipidemia. ] Am Heart Assoc. (2020) 9:€016263. doi: 10.1161/JAHA.120.
016263

Topol EJ. Intensive statin therapy-a sea change in cardiovascular
prevention. N Engl ] Med. (2004) 350:1562-4. doi: 10.1056/NEJMe0
48061

Cannon CP, Braunwald E, McCabe CH, Rader DJ, Rouleau JL, Belder R, et al.
Intensive versus moderate lipid lowering with statins after acute coronary
syndromes. N Engl ] Med. (2004) 350:1495-504. doi: 10.1056/NEJMoa0
40583

Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP,
et al. Efficacy and safety of low-dose colchicine after myocardial
infarction. N Engl ] Med. (2019) 381:2497-505. doi: 10.1056/NEJMoal9
12388

Crittenden DB, Lehmann RA, Schneck L, Keenan RT, Shah B, Greenberg
JD, et al. Colchicine use is associated with decreased prevalence of
myocardial infarction in patients with gout. ] Rheumatol. (2012) 39:1458-64.
doi: 10.3899/jrheum.111533

Antoniades C, Bakogiannis C, Leeson P, Guzik TJ, Zhang MH, Tousoulis
D, et al. Rapid, direct effects of statin treatment on arterial redox
state and nitric oxide bioavailability in human atherosclerosis via
tetrahydrobiopterin-mediated endothelial nitric oxide synthase coupling.
Circulation. (2011) 124:335-45. doi: 10.1161/CIRCULATIONAHA.110.
985150

Hays AG, Hirsch GA, Kelle S, Gerstenblith G, Weiss RG, Stuber M.
Noninvasive visualization of coronary artery endothelial
in healthy subjects and in patients with coronary artery disease.
J Am Coll Cardiol. (2010) 56:1657-65. doi: 10.1016/j.jacc.2010.
06.036

Hays AG, Iantorno M, Schar M, Mukherjee M, Stuber M, Gerstenblith
G, et al. Local coronary wall eccentricity and endothelial function are
closely related in patients with atherosclerotic coronary artery disease.
] Cardiovasc Magn Reson. (2017) 19:51. doi: 10.1186/s12968-017-
0358-2

Iantorno M, Hays AG, Schar M, Krishnaswamy R, Soleimanifard

function

S, Steinberg A, et al. Simultaneous noninvasive assessment of
systemic and  coronary endothelial function. Circ  Cardiovasc
Imaging. (2016) 9:003954. doi: 10.1161/CIRCIMAGING.115.
003954

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hays AG, Kelle S, Hirsch GA, Soleimanifard S, Yu J, Agarwal

HK, et al. Regional coronary endothelial function is closely
related to local early coronary atherosclerosis in patients with
mild coronary artery disease: pilot study. Circ  Cardiovasc
Imaging. (2012) 5:341-8. doi: 10.1161/CIRCIMAGING.111.
969691

Hjeltnes G, Hollan I, Forre @, Wik A, Lyberg T, Mikkelsen K,
et al. Endothelial function improves within 6 weeks of treatment with
methotrexate or methotrexate in combination with a TNF-a inhibitor
in rheumatoid arthritis patients. Scand ] Rheumatol. (2012) 41:240-2.
doi: 10.3109/03009742.2012.656698

Wassmann S, Faul A, Hennen B, Scheller B, Bohm M, Nickenig
G. Rapid effect of 3-hydroxy-3-methylglutaryl coenzyme a reductase
inhibition on coronary endothelial function. Circ Res. (2003) 93:¢98-103.
doi: 10.1161/01.RES.0000099503.13312.7B

Schachinger V, Britten MB, Zeiher AM. Prognostic impact of coronary
vasodilator dysfunction on adverse long-term outcome of coronary
heart disease. Circulation. (2000) 101:1899-906. doi: 10.1161/01.CIR.101.
16.1899

Anderson TJ, Meredith IT, Yeung AC, Frei B, Selwyn AP, Ganz P. The
effect of cholesterol-lowering and antioxidant therapy on endothelium-
dependent coronary vasomotion. New Engl ] Med. (1995) 332:488.
doi: 10.1056/NEJM199502233320802

John S, Schneider MP, Delles C, Jacobi J, Schmieder RE. Lipid-independent
effects of statins on endothelial function and bioavailability of nitric
oxide in hypercholesterolemic patients. Am Heart J. (2005) 149:473.
doi: 10.1016/j.ahj.2004.06.027

Laufs U, Wassmann S, Hilgers S, Ribaudo N, B6hm M, Nickenig G. Rapid
effects on vascular function after initiation and withdrawal of atorvastatin
in healthy, normocholesterolemic men. Am ] Cardiol. (2001) 88:1306.
doi: 10.1016/S0002-9149(01)02095-1

Libby P. Inflammation in atherosclerosis. Nature. (2002) 420:868-74.
doi: 10.1038/nature01323

Nidorf SM, Eikelboom JW, Budgeon CA, Thompson PL. Low-dose colchicine
for secondary prevention of cardiovascular disease. ] Am Coll Cardiol. (2013)
61:404-10. doi: 10.1016/j.jacc.2012.10.027

Nidorf M, Thompson PL. Effect of colchicine (0.5 mg twice daily) on high-
sensitivity C-reactive protein independent of aspirin and atorvastatin in
patients with stable coronary artery disease. Am J Cardiol. (2007) 99:805-7.
doi: 10.1016/j.amjcard.2006.10.039

Hennessy T, Soh L, Bowman M, Kurup R, Schultz C, Patel S, et al. The
Low Dose Colchicine after Myocardial Infarction (LoDoCo-MI) study: a
pilot randomized placebo controlled trial of colchicine following acute
myocardial infarction. Am Heart J. (2019) 215:62-9. doi: 10.1016/j.ahj.2019.
06.003

Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TS], et al.
Colchicine in patients with chronic coronary disease. N Engl ] Med. (2020)
383:1838-47 doi: 10.1056/NEJMo0a2021372

Opstal TSJ, Hoogeveen RM, Fiolet ATL, Silvis MJM, The SHK, Bax
WA, et al. Colchicine attenuates inflammation beyond the inflammasome
in chronic coronary artery disease: a LoDoCo2 proteomic substudy.
Circulation. (2020) 142:1996-8. doi: 10.1161/CIRCULATIONAHA.120.
050560

Vaidya K, Arnott C, Martinez GJ, Ng B, McCormack S, Sullivan DR,
et al. Colchicine therapy and plaque stabilization in patients with
acute coronary syndrome: a CT coronary angiography study. JACC
Cardiovasc Imaging. (2018) 11(2Pt 2):305-16. doi: 10.1016/j.jcmg.2017.
08.013

Martinez GJ, Robertson S, Barraclough J, Xia Q, Mallat Z, Bursill
C, et al. Colchicine acutely suppresses local cardiac production
of inflammatory cytokines in patients with an acute coronary
syndrome. ] Am Heart Assoc. (2015) 4:¢002128. doi: 10.1161/JAHA.115.
002128

Kaplan MM, Bonder A, Ruthazer R, Bonis PA. Methotrexate in
patients with primary biliary cirrhosis who respond incompletely to
treatment with ursodeoxycholic acid. Digest Dis Sci. (2010) 55:3207-17.
doi: 10.1007/s10620-010-1291-5

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 728654


https://doi.org/10.1056/NEJMoa1809798
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1161/hc0902.104353
https://doi.org/10.1161/CIRCULATIONAHA.106.652859
https://doi.org/10.1056/NEJM199502233320801
https://doi.org/10.1152/ajpheart.00023.2015
https://doi.org/10.1161/JAHA.120.016263
https://doi.org/10.1056/NEJMe048061
https://doi.org/10.1056/NEJMoa040583
https://doi.org/10.1056/NEJMoa1912388
https://doi.org/10.3899/jrheum.111533
https://doi.org/10.1161/CIRCULATIONAHA.110.985150
https://doi.org/10.1016/j.jacc.2010.06.036
https://doi.org/10.1186/s12968-017-0358-2
https://doi.org/10.1161/CIRCIMAGING.115.003954
https://doi.org/10.1161/CIRCIMAGING.111.969691
https://doi.org/10.3109/03009742.2012.656698
https://doi.org/10.1161/01.RES.0000099503.13312.7B
https://doi.org/10.1161/01.CIR.101.16.1899
https://doi.org/10.1056/NEJM199502233320802
https://doi.org/10.1016/j.ahj.2004.06.027
https://doi.org/10.1016/S0002-9149(01)02095-1
https://doi.org/10.1038/nature01323
https://doi.org/10.1016/j.jacc.2012.10.027
https://doi.org/10.1016/j.amjcard.2006.10.039
https://doi.org/10.1016/j.ahj.2019.06.003
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1161/CIRCULATIONAHA.120.050560
https://doi.org/10.1016/j.jcmg.2017.08.013
https://doi.org/10.1161/JAHA.115.002128
https://doi.org/10.1007/s10620-010-1291-5
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Hays et al.

Anti-inflammatory Medications and Coronary Disease

34. Schar M, Soleimanifard S, Bonanno G, Yerly ], Hays AG, Weiss RG. Precision
and accuracy of cross-sectional area measurements used to measure coronary
endothelial function with spiral MRI. Magn Reson Med. (2019) 81:291-302.
doi: 10.1002/mrm.27384

Zwingli G, Yerly ], Mivelaz Y, Stoppa-Vaucher S, Dwyer AA, Pitteloud
N, et al. Non-invasive assessment of coronary endothelial function in
children and adolescents with type 1 diabetes mellitus using isometric
handgrip exercise-MRI: a feasibility study. PLoS ONE. (2020) 15:€0228569.
doi: 10.1371/journal.pone.0228569

35.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hays, Schir, Bonanno, Lai, Meyer, Afework, Steinberg, Stradley,
Gerstenblith and Weiss. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

10

October 2021 | Volume 8 | Article 728654


https://doi.org/10.1002/mrm.27384
https://doi.org/10.1371/journal.pone.0228569
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Randomized Trial of Anti-inflammatory Medications and Coronary Endothelial Dysfunction in Patients With Stable Coronary Disease
	Introduction
	Methods
	Study Procedures
	MRI Methods for Coronary Endothelial Function (CEF)
	Systemic Endothelial Function and Inflammatory Biomarkers
	Sample Size
	Statistical Approach

	Results
	Primary and Secondary End Points, Coronary Endothelial Function
	Secondary Endpoints, Systemic Endothelial Function, and Inflammatory Markers
	Safety

	Discussion
	Adverse Events
	Limitations
	Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


