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Abstract 

Objective: Rheumatoid arthritis (RA) is associated with accelerated atherosclerosis. The 

reduction of cardiovascular risk induced by methotrexate and anti-TNFα agents in RA is 

considered secondary to their anti-inflammatory action, but their effects on serum lipoprotein 

function and foam cell formation are unknown. The reduced high density lipoprotein (HDL) 

capacity to promote cell cholesterol efflux (CEC) and the increased serum cell cholesterol-

loading capacity (CLC) demonstrated in RA may contribute to foam cell development. We 

investigated the influence of methotrexate and adalimumab treatment on serum CEC and CLC 

in RA patients. Furthermore, we studied the in vitro effect of the two drugs on macrophage 

cholesterol handling. 

Methods: serum from RA patients treated with methotrexate (n=34) or with 

adalimumab+methotrexate (n=22), drawn before and after 6 weeks and 6 months of treatment, 

was analyzed for CEC and CLC by radioisotopic and fluorimetric techniques, respectively. 

Methotrexate and adalimumab influence on macrophage cholesterol efflux and uptake was 

evaluated in vitro on human THP-1-derived macrophages. 

Results: methotrexate treatment was associated with serum HDL, LDL and total cholesterol 

increase, with ATP-binding cassette G1 and Scavenger receptor-BI (SR-BI)-mediated CEC 

increase and no CLC modification. Adalimumab treatment was associated with serum HDL 

increase, SR-BI-mediated and ATP-binding cassette A1-mediated CEC transient increase and 

decrease respectively, and with a significant CLC reduction; in addition, adalimumab reduced 

macrophage cholesterol uptake in vitro.  

Conclusion: methotrexate and adalimumab anti-atherosclerotic activity may be mediated by 

beneficial and complementary effects on lipoprotein functions and on macrophage cholesterol 

handling, as a whole opposing foam cell formation. 

 

Keywords: rheumatoid arthritis, methotrexate, adalimumab, atherosclerosis, cholesterol. 
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Rheumatoid Arthritis (RA) is associated with accelerated atherosclerosis that significantly 

contributes to the mortality excess (1,2). Among the mechanisms of vascular damage in RA 

are inflammation and autoimmune processes, but also lipid metabolism disturbances differing 

from classical pro-atherogenic dyslipidaemia  (3). Specifically, modifications in the 

composition and function of lipoproteins have been reported. In patients with RA, high 

density lipoproteins (HDL) have reduced anti-inflammatory and anti-oxidant effects (4,5) and 

impaired capacity to promote cell cholesterol efflux  (6). Cholesterol efflux is the first step of 

reverse cholesterol transport, a process leading to the biliary excretion of cholesterol in the 

intestine  (7).  Macrophage cholesterol efflux occurs through aqueous diffusion (AD), but 

especially through the activity of the membrane transporters Scavenger Receptor class B type 

I (SR-BI), ATP Binding Cassette A1 (ABCA1) and ATP Binding Cassette G1 (ABCG1). In 

all cases the presence of extracellular acceptors, mainly constituted by HDL, is necessary for 

cholesterol efflux to occur (8,9). During the generation and remodelling of HDL, various 

subclasses develop, with differential and specific activity with respect to single cholesterol 

transporters. Serum cholesterol efflux capacity (CEC) is the measure of total or transporter-

specific activity of circulating cholesterol acceptors, mainly HDL, through standardized 

methods  (10). This parameter has been demonstrated to correlate directly with vascular 

functionality and inversely with atherosclerosis (11–14). The relevance of a functional 

parameter such as CEC in autoimmune and inflammatory diseases is underlined by the 

evidence that cell cholesterol efflux, besides acting as a mechanism limiting intracellular 

cholesterol content, is coupled with regulatory intracellular signalling; the resulting 

modulation of several cell functions, both in macrophages and endothelial cells, leads to the 

inhibition of inflammatory and immune reactions (15,16). These events could be of particular 

interest in RA patients, as the presence of foam cells has also been described in synovial 

tissue  (17). 
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In addition, emerging data indicate that the macrophage cholesterol loading capacity (CLC) of 

serum is increased in RA patients  (18), possibly due to modifications in the composition and 

physical-chemical properties of low density lipoproteins (LDL), which are the main cell 

cholesterol donor, and/or to the presence of autoantibodies  (19). 

Methotrexate (MTX) and anti-TNFα agents reduce cardiovascular risk in RA patients with 

mechanisms that are at present unknown and generically attributed to their anti-inflammatory 

action  (20–23). These agents would instead have unfavourable (MTX) effects or no effect 

(anti-TNFα agents) on serum lipid levels (24,25). However, given both the relevance of 

functional properties of circulating lipoproteins along with their serum levels with respect to 

CV risk (26,27), and the lack of data on the possible effects of MTX and adalimumab (ADA) 

on lipoprotein function and macrophage cholesterol trafficking, we evaluated CLC and CEC 

in RA patients treated with MTX or ADA in association with MTX and studied the direct 

effects of these drugs on macrophage cholesterol uptake and efflux. 
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MATERIALS AND METHODS 

Patients. We selected 56 patients with active RA, starting with either MTX or ADA, from the 

Norwegian observational PSARA study  (28). Diagnosis was confirmed according to the 

American Rheumatism Association diagnostic criteria for RA  (29). Written informed consent 

was obtained from each patient and approval from the local ethical committee was granted 

(PSARA registered clinical trial n° NCT00902005). Treatment prescription was based on 

clinical indication and followed standard European/Norwegian rules. Therefore, all patients 

starting ADA had a history of previously failed MTX treatment. To minimize side effects, 

ADA was used in combination with MTX (except for one patient who was intolerant to 

MTX). For each patient, clinical and laboratory data together with serum samples were 

obtained before therapy, after 6 weeks and after 6 months of therapy with MTX (MTX, n = 

34) or with ADA in combination with MTX (ADA-MTX, n = 22). Patients’ main 

characteristics are summarised in Table 1S (supplementary material). 

 

Serum cholesterol efflux capacity (CEC). 

Serum CEC was measured in samples drawn before treatment and after 6 weeks and 6 months 

of treatment with MTX or with ADA-MTX, using cell-based standardized methods  (10). 

Specific pathways of cholesterol efflux were studied using adequate cell models: J774 

macrophages incubated with or without cAMP (Sigma Aldrich, Milano, Italy) for the 

evaluation of ABCA1- and AD-mediated efflux  respectively; rat hepatoma Fu5AH in the 

absence or presence of a specific SR-BI inhibitor (Block Lipid Transfer-1 10µM, purchased 

from ChemBridge, San Diego, CA) for SR-BI-cholesterol efflux; Chinese hamster ovary cells 

transfected or not with the human abcg1 gene for ABCG1-mediated efflux. In all assays the 

cells were labelled with [1,2-
3
H]-cholesterol (PerkinElmer, Milano, Italy) for 24 hours, 

incubated with  0.2% bovine serum albumin in medium for 24 hours and treated for 4 or 6 

hours with 1% or 2% (v/v) whole serum, depending on the cholesterol efflux pathway to be 
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analysed. Serum CEC results were expressed as a percentage of total radioactivity 

incorporated by the cells that was released in the supernatant. A pool of human 

normolipidaemic sera was tested in each assay as reference standard 1 and its CEC was used 

to normalize the patient samples values from the different experiments, in order to correct for 

the inter-assay variability. A second pool of human normolipidaemic sera as reference 

standard 2 was tested in each assay and its CEC, after normalization, was the index of the 

intra-assay variability  (10). 

 

Serum cholesterol loading capacity (CLC). 

THP-1 cells were cultured in 12-well plates in the presence of 50 ng/ml Phorbol 12-Myristate 

13-Acetate (PMA) (Sigma Aldrich, Milano, Italy) for 72 hours to allow differentiation into 

macrophages. Cells were exposed for 24 hours to serum collected from patients with RA 

before therapy and after 6 weeks or 6 months of therapy with MTX or with ADA-MTX. 

Serum dilution in this model is 5%. To exclude the influence of LDL levels, we calculated 

each serum dilution in order to normalize LDL-C concentration to 120 mg/dl. Cell cholesterol 

content was measured by fluorimetric detection in cell extracts  (30). An aliquot of the cell 

lysates was taken to measure cell protein by a modified Lowry method  (31). CLC was 

defined as macrophage cholesterol content in the cell extract after exposure of cells to serum 

and expressed as micrograms of cholesterol per milligram of protein. 

 

In vitro interaction between living macrophages and ADA. 

Before performing the in vitro study on the direct effect of ADA (purchased as commercial 

drug, Abbott Laboratories, UK), on macrophage cholesterol influx and efflux, we 

demonstrated the actual interaction between ADA and living THP-1 derived macrophages in 

our experimental conditions. THP-1 cells were cultured in an 8-well multi-chamber glass 

slide in the presence of 50 ng/ml PMA for 72 hours to allow differentiation into macrophages. 
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Living cells were pre-treated with LPS 1 µg/ml for 2 hours to induce TNFα membrane 

expression and then incubated with ADA 15 µg/ml for 15 or 50 minutes. Cells were then 

washed and fixed for 2 minutes with methanol at 4°C. After washing, the cells were incubated 

with a secondary anti-human IgG FITC-conjugated antibody (Life Technologies, Monza, 

Italy) for 40 minutes. Cells were washed and observed using a LSM 510 META Zeiss 

confocal microscope, with an X63 oil objective. As a control IgG isotype antibody we used 

15 µg/ml rituximab (purchased as commercial drug, Roche, UK). 

 

In vitro effect of MTX and ADA on macrophage cholesterol uptake.  

THP-1 cells were cultured in 12-well plates in presence of 50 ng/ml PMA for 72 hours to 

allow differentiation into macrophages. In experiments with ADA, cells were pre-treated with 

Lipopolysaccharide (LPS) (Sigma Aldrich, Milano, Italy) 1 µg/ml for 2 hours to induce TNFα 

membrane expression. MTX (purchased as commercial drug, Methotrexate injectable 

solution, Sandoz Spa, Varese, Italy) was used at 0.25 µM/L and ADA at 15 µg/ml, 

concentrations corresponding to the mean circulating levels of the two molecules during 

chronic therapy  (32–34). As a control IgG isotype antibody for adalimumab we used 15 

µg/ml rituximab. After 18 or 2 hour treatment with either MTX or ADA respectively, cells 

were incubated for 24 hours with 5% normal human serum as cholesterol donor in the 

presence of the respective drug. The cholesterol content of the cells was measured as 

described for serum CLC in the previous paragraph.  

 

In vitro effect of MTX and ADA on macrophage cholesterol efflux.  

THP-1 cells were cultured in 12-well plates in the presence of 50 ng/ml PMA for 72 hours to 

allow differentiation into macrophages. Cells were radiolabeled for 24h with [1,2- 
3
H] 

cholesterol in presence of Acyl-CoA:Cholesterol Acyltransferase inhibitor (Sigma Aldrich, 
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Milano, Italy) 2 µg/ml to maintain cholesterol in free, not esterified form. In experiments with 

ADA, cells were pre-treated with LPS 1 µg/ml for 2 hours to induce TNFα membrane 

expression. MTX was used at 0.25 µM/L and ADA at 15 µg/ml, concentrations corresponding 

to the mean circulating levels of the two molecules during chronic therapy  (32–34). After 18 

hour incubation with either MTX or ADA, cholesterol efflux was induced by incubation of 

cells with 2% normal human serum for 8 hours. Cholesterol efflux was expressed as the 

percentage of total radioactivity incorporated by the cells that was released in the supernatant. 

Similar experiments were performed pre-incubating the cells for 24 hours with acetylated 

LDL 50 mg/dl to load cells with cholesterol. 

 

Statistical analysis 

Statistical analyses were performed using Prism (version 5.0) (GraphPad Inc., San Diego, 

CA). Each experiment was run in triplicate. Data were expressed as mean ± SD if not 

indicated otherwise. Specific pathway-mediated CEC and CLC values at the various time 

points were compared within each treatment group using the Student’s t test for paired 

samples. The relationships between specific pathway-mediated CEC values and other clinical 

and laboratory parameters were evaluated by linear regression analysis. The values of 

cholesterol influx and efflux in macrophages in basal conditions and after treatment with 

MTX or ADA were compared using the Student’s t test for unpaired samples. 
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RESULTS 

Serum lipid levels in patients treated with MTX or with ADA-MTX. 

As shown in Table 1, total cholesterol (TC), LDL and HDL were increased after 6 months of 

therapy with MTX alone. A slight increase in HDL levels was observed in the ADA-MTX 

group after 6 weeks and after 6 months; statistical significance was reached only at 6 weeks. 

No statistically significant differences in TC/HDL ratio between time points within each 

group of treatment were found, except for the 6 weeks value in the MTX group, which was 

reduced as compared to the baseline (3.82 at 6 weeks, 4.04 at baseline, p < 0.01, paired 

Student’s t test). 

 

Effect of MTX or ADA-MTX treatment on serum CEC. 

In patients treated with MTX alone, SR-BI-mediated serum CEC was significantly increased 

after 6 weeks and 6 months of treatment as compared to the baseline (Figure 1A), ABCA1-

mediated CEC was unchanged (Figure 1B) and ABCG1-mediated CEC was increased after 6 

months of therapy (Figure 1C). ADA-MTX treatment was associated with a transient increase 

of SR-BI-mediated CEC (Figure 1D) and a transient decrease of ABCA1-mediated CEC 

(Figure 1E) after 6 weeks, with no modifications in ABCG1-mediated CEC (Figure 1F). 

 

Relationship between serum CEC and total circulating HDL levels. 

HDL are the major physiologic cholesterol acceptors in cell cholesterol efflux processes. 

Serum SR-BI-mediated CEC correlated with HDL circulating levels in both treatment groups, 

before and after treatment, and ABCA1-mediated CEC on no occasion correlated with serum 

HDL levels, similar to that observed in the healthy population  (6). The positive correlation 

usually found in healthy subjects between ABCG1-mediated CEC and total serum HDL  (6) 

was absent in the MTX group for all time points and in the ADA-MTX group before and after 
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6 weeks of therapy; however, it was restored after 6 months of ADA-MTX treatment (Table 

2).  

 

Relationship between serum CEC and disease activity score. 

No significant relationship was observed between SR-BI and ABCA1-mediated CEC and the 

disease activity score DAS28 (calculated with erythrocyte sedimentation rate). A significant 

inverse relationship between serum ABCG1-mediated CEC and DAS28 was detected in the 

ADA-MTX group only, after 6 months of treatment (Table 2).  

 

Relationship between serum CEC and homocysteine 

No significant relationship was observed between SR-BI- and ABCA1-mediated CEC and 

serum homocysteine levels. An inverse relationship, very close to statistical significance, 

between serum ABCG1-mediated CEC and homocysteine levels was found after both 6 

weeks and 6 months of treatment in the ADA-MTX group only (Table 2). Pooling the data 

relative to post-treatment sera, a significant inverse relationship between ABCG1-mediated 

CEC and homocysteine was found in the ADA-MTX group but not in the MTX group (Table 

2).  

 

Relationship between serum CEC and inflammatory indexes. 

We did not find any significant relationship between specific transporter-mediated CEC and 

serum inflammatory indexes such as ESR, CRP, TNFα, or adhesion molecules, at any time 

point nor for any of the treatment regimens (data not shown). 

 

Effect of MTX or ADA-MTX treatment on serum CLC. 

Serum CLC was measured in samples obtained before and after 6 months of treatment. CLC 

was not significantly modified after treatment with MTX (p= 0.46) (Figure 2, left panel), but 
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was significantly reduced after ADA-MTX treatment (p<0.05) (Figure 2, right panel). To 

verify whether this effect was dependent on the blockade of soluble TNFα in serum, we 

incubated THP-1 derived macrophages with human recombinant TNFα (Sigma Aldrich, 

Milano, Italy) and measured cell cholesterol uptake. We found that TNFα did not influence 

cholesterol uptake in our in vitro system (Figure 1S, supplementary material). Moreover, 

serum CLC values did not correlate with TNFα circulating levels (data not shown). 

 

In vitro effects of MTX and ADA on macrophage cholesterol handling. 

The incubation of THP-1 derived macrophages with MTX 0.25 µM/L, the reported mean 

circulating concentration during chronic therapy  (32), did not influence cholesterol uptake 

nor cholesterol efflux (Figure 3). 

ADA has been reported to bind to TNFα expressed on the cell membrane and to induce a so-

called “reverse signaling”  (35,36). We thus: a) evaluated whether our model was suitable to 

investigate the possible consequences of ADA interaction with macrophage membrane on 

cholesterol trafficking, performing confocal microscopy studies to document the actual 

interaction of ADA with living THP-1 derived macrophages; b) measured the effect of ADA 

on cholesterol influx and efflux. ADA at 15 µg/ml, the reported mean circulating 

concentration during chronic therapy  (33,34), bound to and was internalised by living THP-1 

derived macrophages, pre-treated with LPS in order to induce membrane TNFα expression 

(Figure 4, panels A and B). Under the same conditions, ADA inhibited THP-1 derived 

macrophages cholesterol uptake from both normal (cell cholesterol content 6.63±0.92 vs 

10.58±0.36 µg cholesterol/mg protein, p<0.01) and hypercholesterolaemic serum (cell 

cholesterol content 5.3 ±0.55 vs 11.8 ±0.19 µg cholesterol/mg protein, p<0.0001) (Figure 4, 

panel C). The incubation of THP-1 derived macrophages with human recombinant TNFα 

(Sigma Aldrich, Milano, Italy) did not influence cholesterol uptake (Figure 1S, supplementary 
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material). Under the same experimental conditions used for adalimumab, the IgG isotype 

control antibody rituximab showed no binding to THP-1 derived macrophages 

(immunofluorescence negative data are not shown because consisting in dark microscopic 

fields) nor any effect on cell cholesterol loading (Figure 2S, supplementary material). 

ADA treatment did not influence cholesterol efflux (Figure 4, panel D). The same result was 

obtained in cells pre-loaded with cholesterol accomplished through overnight incubation with 

acetylated LDL at 50 mg/dl (data not shown). 
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DISCUSSION 

The results of this novel study indicate that the reduction of cardiovascular risk induced in RA 

patients by MTX and ADA treatment  (20–23) might be due not only to the repression of 

inflammation but also to specific anti-atherogenic effects of these drugs, mediated by a direct 

influence on lipoprotein functions and macrophage cholesterol handling. 

Serum cholesterol efflux capacity (CEC) is measured through standardized techniques and 

reflects mainly the ability of HDL to accept cholesterol from macrophages. This HDL 

functional parameter is correlated directly with indices of vessel health  (11,12) and inversely 

with cardiovascular risk  (13,14). MTX treatment is associated with an improvement in serum 

CEC mediated by the cholesterol transporters SR-BI and ABCG1. Within serum HDL sub-

fractions, the particles specifically accepting cholesterol from SR-BI constitute the majority of 

circulating HDL, so it is possible that the MTX-induced SR-BI-mediated CEC improvement 

is related to the increase in total serum HDL. Indeed, we found a positive significant 

relationship between the two parameters. Our observation on the parallel increase in serum 

total HDL and SR-BI-mediated CEC is not trivial because certain spontaneous  (12) or 

pharmacologically-induced conditions  (37) characterized by high serum HDL are associated 

with the production of non-functional HDL. 

The relevance of SR-BI- and ABCG1-mediated CEC increase induced by MTX relies on the 

fact that macrophage cholesterol efflux not only opposes foam cell formation, but is also 

associated with intracellular anti-inflammatory signals in macrophages and endothelial cells  

(15). The cardiovascular protective activity of MTX  (20) might thus be, at least in part, the 

consequence of a direct effect of the drug on lipoprotein functions. This adds 

complementarily to the reported capacity of MTX to increase the expression of abca1 gene in 

peripheral blood mononuclear cells  (38). 

The combination treatment with ADA and MTX induces no substantial modification in serum 

CEC, suggesting that ADA does not influence CEC, except for a transient increase and 
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decrease in SR-BI and ABCA1-mediated CEC, respectively. Such variations could be due to 

the temporary activation of enzymes involved in HDL remodelling, such as Lecithin 

cholesterol Acyl Transferase (LCAT), causing a switch from small immature HDL, specific 

for the ABCA1 transporter, to larger and more mature HDL, specific for SR-BI   (39–41). 

Interestingly, an impairment of LCAT activity in RA patients has been reported  (42). It is 

possible to speculate that anti-TNFα agents might anyway improve reverse cholesterol 

transport in vivo, due to their efficacy in counteracting TNFα inhibition of the expression of 

genes involved in cholesterol efflux, as demonstrated for infliximab  (43). 

ADA-MTX treatment, and not MTX alone, is specifically associated with modifications in the 

relationship of ABCG1-mediated CEC with total HDL levels, disease activity and the 

cardiovascular risk marker homocysteine. We have previously reported that ABCG1-

mediated CEC was impaired and inversely correlated to disease activity in an Italian cohort of 

RA patients  (6).  Moreover, in the same population, the physiological direct relationship 

between ABCG1-mediated CEC and total HDL levels  (6,42,44,45) was lost, indicating that 

in RA the production of the HDL sub-fraction specific for ABCG1 is not proportional to that 

of the total HDL. In the present study we found that ADA restored the inverse relationship 

between ABCG1-mediated CEC and DAS28 and the direct relationship with total HDL, 

pointing to a distinctive effect of ADA in regulating the ABCG1-specific HDL sub-fraction. 

At present it is difficult to speculate on the possible underlying mechanisms, but this concept 

is also supported by the finding that ADA induced the appearance of an inverse relationship 

between serum ABCG1-mediated CEC and the cardiovascular risk marker homocysteine. The 

mechanisms by which ADA unmasks the connection between homocysteine levels and HDL 

dysfunction, possibly related to oxidative stress, are unknown and deserve further 

investigation, but it is interesting that ADA again displayed a distinctive  ability to influence 

the ABCG1-specific HDL fraction, one not shared by MTX. 
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Overall, confirming our own  (6) and other  (46) previous reports, we did not find any 

correlation between specific transporter-mediated CEC and serum inflammatory indexes 

(such as ESR, CRP, TNFα, or adhesion molecules), at any time point nor for any of the 

treatment regimens. This indicates that the role of inflammation on HDL capacity to promote 

cell cholesterol efflux, if any, is complex and not linked to any single parameter. 

The significant reduction in CLC observed in patients treated with ADA, independent of LDL 

serum levels, might be a new anti-atherogenic mechanism by which this treatment contributes 

to cardiovascular protection in RA patients, especially considering that patients in the ADA-

MTX group presented higher CLC values at baseline with respect to MTX treatment group. 

Serum CLC depends mainly on LDL (30) and can be influenced by LDL composition and 

physical-chemical properties, but also by other circulating agents such as autoantibodies  (19). 

ADA action on one or more of these factors could thus oppose foam cell formation. 

On the other hand, ADA does not seem to reduce CLC though the blockade of serum TNFα, 

because exogenous TNFα in our model did not induce an increase in cell cholesterol loading. 

In addition, ADA opposes macrophage cholesterol accumulation through another and 

possibly complementary effect, i.e. the direct inhibition of cholesterol uptake at the 

macrophage level. ADA has been reported to bind to TNFα expressed on the cell membrane 

and to induce a so-called “reverse signaling”. We demonstrated that ADA in our model, at 

concentrations usually found in patients undergoing chronic therapy, is able to interact with 

living macrophages stimulated to express membrane TNFα, and to reduce cell cholesterol 

content after incubation with normal serum used as cholesterol donor. The actual existence of 

two additive mechanisms for ADA inhibition of macrophage cholesterol accumulation is 

supported by the fact that our serum CLC assay is performed using high serum dilution, so 

that the amount of ADA which gets in direct contact with the cells is too small to affect their 
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function. The direct ADA action would be particularly relevant on macrophages expressing 

membrane TNFα, as in RA patients with active disease and in atherosclerotic plaques  (36). 

In our studies MTX did not modify resting macrophage cholesterol uptake nor efflux in vitro, 

but positive direct effects on cholesterol efflux transporters and on foam cell formation was 

demonstrated in cytokine-activated cells  (47). 

The serologic study has some limitations. According to the current indications anti-

TNFα agents can be initiated only after an unsuccessful trial with MTX, so the patients in the 

two populations differ for disease duration and history. To minimize the effect of this 

confounding factor, we did not compare data from the two patient groups but rather took into 

account the variations in CEC and CLC with treatment compared to the baseline within each 

group. Another limitation is that this is an observational study and not a randomised 

controlled trial; however, as such, it gives a picture of a real-life population. Finally, the small 

number of patients limited the potential for detailed statistical analyses. Still, the study was 

large enough to demonstrate several valuable differences and relationships. As this is the first 

study to evaluate the effect of MTX and ADA-MTX combination therapy on lipoprotein 

functions and macrophage cholesterol handling, it gives important direction for further 

research. 

In summary, in the present study we demonstrated for the first time that MTX and ADA 

might exert an athero-protective action through the regulation of cholesterol metabolism, 

which can be partially independent of their anti-inflammatory activity. This is consistent with 

very recent data indicating that MTX and anti-TNFα agent therapies are able to disconnect 

rapid intima-media thickness progression from erythrocyte sedimentation rate  (48). The 

athero-protective effects of MTX and ADA, both with positive effects on foam cell formation, 

are possibly complementary as they differ with respect to the mechanisms, in that MTX 
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improves HDL capacity to promote cell cholesterol efflux and ADA reduces serum CLC and 

macrophage cholesterol uptake. 

 

  

Page 17 of 32

John Wiley & Sons

Arthritis & Rheumatology

This article is protected by copyright. All rights reserved.



18 

 

REFERENCES 

1. Shoenfeld Y, Gerli R, Doria A, Matsuura E, Cerinic MM, Ronda N, et al. Accelerated 

atherosclerosis in autoimmune rheumatic diseases. Circulation 2005;112:3337–47. 

2. Hollan I, Meroni PL, Ahearn JM, Cohen Tervaert JW, Curran S, Goodyear CS, et al. 

Cardiovascular disease in autoimmune rheumatic diseases. Autoimmun Rev 2013;12:1004–15.  

3. Symmons DPM, Gabriel SE. Epidemiology of CVD in rheumatic disease, with a focus on 

RA and SLE. Nat Rev Rheumatol 2011;7:399–408.  

4. Watanabe J, Charles-Schoeman C, Miao Y, Elashoff D, Lee YY, Katselis G, et al. 

Proteomic profiling following immunoaffinity capture of high-density lipoprotein: association 

of acute-phase proteins and complement factors with proinflammatory high-density 

lipoprotein in rheumatoid arthritis. Arthritis Rheum 2012;64:1828–37.  

5. McMahon M, Grossman J, FitzGerald J, Dahlin-Lee E, Wallace DJ, Thong BY, et al. 

Proinflammatory high-density lipoprotein as a biomarker for atherosclerosis in patients with 

systemic lupus erythematosus and rheumatoid arthritis. Arthritis Rheum 2006;54:2541–9.  

6. Ronda N, Favari E, Borghi MO, Ingegnoli F, Gerosa M, Chighizola C, et al. Impaired 

serum cholesterol efflux capacity in rheumatoid arthritis and systemic lupus erythematosus. 

Ann Rheum Dis 2014;73:609–15.  

7. Cuchel M, Rader DJ. Macrophage reverse cholesterol transport: key to the regression of 

atherosclerosis? Circulation 2006;113:2548–55.  

8. Favari E, Calabresi L, Adorni MP, Jessup W, Simonelli S, Franceschini G, et al. Small 

discoidal pre-beta1 HDL particles are efficient acceptors of cell cholesterol via ABCA1 and 

ABCG1. Biochemistry 2009;48:11067–74. 

9. Rosenson RS, Brewer HB, Davidson WS, Fayad Z a, Fuster V, Goldstein J, et al. 

Cholesterol efflux and atheroprotection: advancing the concept of reverse cholesterol 

transport. Circulation 2012;125:1905–19. 

10. Zanotti I, Favari E, Bernini F. Cellular cholesterol efflux pathways: impact on 

intracellular lipid trafficking and methodological considerations. Curr Pharm Biotechnol 

2012;13:292–302. 

11. Favari E, Ronda N, Adorni MP, Zimetti F, Salvi P, Manfredini M, et al. ABCA1-

dependent serum cholesterol efflux capacity inversely correlates with pulse wave velocity in 

healthy subjects. J Lipid Res 2013;54:238–43. 

12. Vigna GB, Satta E, Bernini F, Boarini S, Bosi C, Giusto L, et al. Flow-mediated dilation, 

carotid wall thickness and HDL function in subjects with hyperalphalipoproteinemia. Nutr 

Metab Cardiovasc Dis 2014;24:777–83. 

13. Khera A V, Cuchel M, la Llera-Moya M de, Rodrigues A, Burke MF, Jafri K, et al. 

Cholesterol efflux capacity, high-density lipoprotein function, and atherosclerosis. N Engl J 

Med 2011;364:127–35. 

Page 18 of 32

John Wiley & Sons

Arthritis & Rheumatology

This article is protected by copyright. All rights reserved.



19 

 

14. Doonan RJ, Hafiane a, Lai C, Veinot JP, Genest J, Daskalopoulou SS. Cholesterol efflux 

capacity, carotid atherosclerosis, and cerebrovascular symptomatology. Arterioscler Thromb 

Vasc Biol 2014;34:921–6. 

15. Prosser HC, Ng MKC, Bursill C a. The role of cholesterol efflux in mechanisms of 

endothelial protection by HDL. Curr Opin Lipidol 2012;23:182–9. 

16. Yvan-Charvet L, Wang N, Tall AR. Role of HDL, ABCA1, and ABCG1 transporters in 

cholesterol efflux and immune responses. Arterioscler Thromb Vasc Biol 2010;30:139–43.  

17. Winyard PG, Tatzber F, Esterbauer H, Kus ML, Blake DR, Morris CJ. Presence of foam 

cells containing oxidised low density lipoprotein in the synovial membrane from patients with 

rheumatoid arthritis. Ann Rheum Dis 1993;52:677–80. 

18. Voloshyna I, Modayil S, Littlefield MJ, Belilos E, Belostocki K, Bonetti L, et al. Plasma 

from rheumatoid arthritis patients promotes pro-atherogenic cholesterol transport gene 

expression in THP-1 human macrophages. Exp Biol Med (Maywood) 2013;238:1192–1197. 

19. Matsuura E, Kobayashi K, Tabuchi M, Lopez LR. Oxidative modification of low-density 

lipoprotein and immune regulation of atherosclerosis. Prog Lipid Res 2006;45:466–486. 

20. Marks JL, Edwards CJ. Protective effect of methotrexate in patients with rheumatoid 

arthritis and cardiovascular comorbidity. Ther Adv Musculoskelet Dis 2012;4:149–57.  

21. Sijl AM van, Eijk IC van, Peters MJL, Serné EH, Horst-Bruinsma IE van der, Smulders 

YM, et al. Tumour necrosis factor blocking agents and progression of subclinical 

atherosclerosis in patients with ankylosing spondylitis. Ann Rheum Dis 2013. 

22. Mäki-Petäjä KM, Elkhawad M, Cheriyan J, Joshi FR, Ostör AJK, Hall FC, et al. Anti-

tumor necrosis factor-α therapy reduces aortic inflammation and stiffness in patients with 

rheumatoid arthritis. Circulation 2012;126:2473–80. 

23. Bili A, Tang X, Pranesh S, Bozaite R, Morris SJ, Antohe JL, et al. Tumor Necrosis Factor 

α Inhibitor Use and Decreased Risk for Incident Coronary Events in Rheumatoid Arthritis. 

Arthritis Care Res (Hoboken) 2014;66:355–63. 

24. Navarro-Millán I, Charles-Schoeman C, Yang S, Bathon JM, Bridges SL, Chen L, et al. 

Changes in lipoproteins associated with methotrexate or combination therapy in early 

rheumatoid arthritis: results from the treatment of early rheumatoid arthritis trial. Arthritis 

Rheum 2013;65:1430–8. 

25. Daïen CI, Duny Y, Barnetche T, Daurès J-P, Combe B, Morel J. Effect of TNF inhibitors 

on lipid profile in rheumatoid arthritis: a systematic review with meta-analysis. Ann Rheum 

Dis 2012;71:862–8. 

26. Feig JE, Hewing B, Smith JD, Hazen SL, Fisher E a. High-density lipoprotein and 

atherosclerosis regression: evidence from preclinical and clinical studies. Circ Res 

2014;114:205–13. 

Page 19 of 32

John Wiley & Sons

Arthritis & Rheumatology

This article is protected by copyright. All rights reserved.



20 

 

27. Rizzo M, Berneis K, Koulouris S, Pastromas S, Rini GB, Sakellariou D, et al. Should we 

measure routinely oxidised and atherogenic dense low-density lipoproteins in subjects with 

type 2 diabetes? Int J Clin Pract 2010;64:1632–1642. 

28. Hjeltnes Gunnbjorg, Hollan Ivana, Førre Oystein, Wiik Allan, Lyberg Torstein, 

Mikkelsen Kore AS. Serum levels of lipoprotein(a) and E-selectin are reduced in rheumatoid 

arthritis patients treated with methotrexate or methotrexate in combination with TNF-α-

inhibitor. Clin Exp Rheumatol 2013;31:415–421. 

29. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO, et al. 2010 

Rheumatoid arthritis classification criteria: An American College of Rheumatology/European 

League Against Rheumatism collaborative initiative. Arthritis Rheum 2010;62:2569–2581. 

30. Adorni MP, Zimetti F, Puntoni M, Bigazzi F, Sbrana F, Minichilli F, et al. Cellular 

cholesterol efflux and cholesterol loading capacity of serum: effects of LDL-apheresis. J 

Lipid Res 2012;53:984–989. 

31. Markwell MAK, Haas SM, Bieber LL, Tolbert NE. A modification of the Lowry 

procedure to simplify protein determination in membrane and lipoprotein samples. Anal 

Biochem 1978;87:206–210. 

32. Inoue K, Yuasa H. Molecular Basis for Pharmacokinetics and Pharmacodynamics of 

Methotrexate in Rheumatoid Arthritis Therapy. Drug Metab Pharmacokinet 2014;29:12–19.  

33. Pouw MF, Krieckaert CL, Nurmohamed MT, Kleij D van der, Aarden L, Rispens T, et al. 

Key findings towards optimising adalimumab treatment: the concentration-effect curve. Ann 

Rheum Dis 2013:1–6. 

34. Ducourau E, Ternant D, Lequerré T, Fuzibet P, Loët X Le, Watier H, et al. Towards an 

individualised target concentration of adalimumab in rheumatoid arthritis. Ann Rheum Dis 

2014;73:1428–9. 

35. Kirchner S, Holler E, Haffner S, Andreesen R, Eissner G. Effect of different tumor 

necrosis factor (TNF) reactive agents on reverse signaling of membrane integrated TNF in 

monocytes. Cytokine 2004;28:67–74. 

36. Horiuchi T, Mitoma H, Harashima S, Tsukamoto H, Shimoda T. Transmembrane TNF-

alpha: structure, function and interaction with anti-TNF agents. Rheumatology (Oxford) 

2010;49:1215–28. 

37. Khera A V, Patel PJ, Reilly MP, Rader DJ. The addition of niacin to statin therapy 

improves high-density lipoprotein cholesterol levels but not metrics of functionality. J Am 

Coll Cardiol 2013;62:1909–10. 

38. Chen D-Y, Chih H-M, Lan J-L, Chang H-Y, Chen W-W, Chiang E-PI. Blood lipid 

profiles and peripheral blood mononuclear cell cholesterol metabolism gene expression in 

patients with and without methotrexate treatment. BMC Med 2011;9:4. 

39. Tréguier M, Moreau M, Sposito A, Chapman MJ, Huby T. LDL particle subspecies are 

distinct in their capacity to mediate free cholesterol efflux via the SR-BI/Cla-1 receptor. 

Biochim Biophys Acta 2007;1771:129–38. 

Page 20 of 32

John Wiley & Sons

Arthritis & Rheumatology

This article is protected by copyright. All rights reserved.



21 

 

40. Calabresi L, Favari E, Moleri E, Adorni MP, Pedrelli M, Costa S, et al. Functional LCAT 

is not required for macrophage cholesterol efflux to human serum. Atherosclerosis 

2009;204:141–6. 

41. Filippatos TD, Derdemezis CS, Voulgari P V, Tsimihodimos V, Elisaf MS, Tselepis AD, 

et al. Effects of 12 months of treatment with disease-modifying anti-rheumatic drugs on low 

and high density lipoprotein subclass distribution in patients with early rheumatoid arthritis: a 

pilot study. Scand J Rheumatol 2013;42:169–75. 

42. Charles-Schoeman C, Watanabe J, Lee YY, Furst DE, Amjadi S, Elashoff D, et al. 

Abnormal function of high-density lipoprotein is associated with poor disease control and an 

altered protein cargo in rheumatoid arthritis. Arthritis Rheum 2009;60:2870–9. 

43. Voloshyna I, Seshadri S, Anwar K, Littlefield MJ, Belilos E, Carsons SE, et al. Infliximab 

reverses suppression of cholesterol efflux proteins by TNF- ??: A possible mechanism for 

modulation of atherogenesis. Biomed Res Int 2014;2014. 

44. Pisciotta L, Favari E, Magnolo L, Simonelli S, Adorni MP, Sallo R, et al. Characterization 

of three kindreds with familial combined hypolipidemia caused by loss-of-function mutations 

of ANGPTL3. Circ Cardiovasc Genet 2012;5:42–50. 

45. Minicocci I, Cantisani V, Poggiogalle E, Favari E, Zimetti F, Montali A, et al. Functional 

and morphological vascular changes in subjects with familial combined hypolipidemia: an 

exploratory analysis. Int J Cardiol 2013;168:4375–8. 

46. Yamamoto S, Yancey PG, Ikizler TA, Jerome WG, Kaseda R, Cox B, et al. Dysfunctional 

high-density lipoprotein in patients on chronic hemodialysis. J Am Coll Cardiol 

2012;60:2372–9. 

47. Reiss AB, Carsons SE, Anwar K, Rao S, Edelman SD, Zhang H, et al. Atheroprotective 

effects of methotrexate on reverse cholesterol transport proteins and foam cell transformation 

in human THP-1 monocyte/macrophages. Arthritis Rheum 2008;58:3675–83. 

48. Rincón I Del, Polak JF, O’Leary DH, Battafarano DF, Erikson JM, Restrepo JF, et al. 

Systemic inflammation and cardiovascular risk factors predict rapid progression of 

atherosclerosis in rheumatoid arthritis. Ann Rheum Dis 2014:1–7.  

 

  

  

Page 21 of 32

John Wiley & Sons

Arthritis & Rheumatology

This article is protected by copyright. All rights reserved.



22 

 

FIGURE LEGEND 

 

Figure 1. Serum SR-BI-, ABCA1-, ABCG1-mediated CEC before treatment and after 6 

weeks and 6 months of treatment with MTX (panels A-B-C) or ADA-MTX (panels D-E-F). 

Values are expressed as a percentage of total cell cholesterol that was released in cell 

supernatants. Statistical significance was calculated by paired Student’s t test. 

 

Figure 2. Serum CLC at baseline and after 6 months of treatment with MTX (left panel) or 

ADA-MTX (right panel). Macrophage cholesterol content after incubation with patients’ sera 

is expressed as micrograms per milligram of proteins. Statistical significance was calculated by 

paired Student’s t test. 

 

Figure 3. In vitro effect of MTX on cholesterol influx and efflux in macrophages. Panel A: 

The treatment of THP-1 derived macrophages with MTX 0.25 µM/L did not influence cell 

cholesterol uptake from normal (NHS) and hypercholesterolaemic (HCS) human serum used 

as cholesterol donors. Panel B: The treatment of THP-1 derived macrophages with MTX 0.25 

µM/L did not influence cell cholesterol efflux to normal human serum (NHS) used as 

cholesterol acceptor. No statistical significance, calculated by unpaired Student’s t test, was found 

between conditions with or without MTX. 

 

Figure 4. In vitro interaction of ADA with THP-1 derived macrophages and effect on 

cholesterol influx and efflux. Panels A and B: binding and internalization of ADA; living 

cells were treated with LPS 1µg/ml for 2 hours and then with ADA 15 µg/ml for 15 minutes 

(panel A) or 50 minutes (panel B). Cells were then fixed and incubated with an anti-human 

IgG coupled with fluorescein isothyocyanate. In panel A the signal can be observed mainly on 

the cell membrane; in panel B the signal on the cell membrane has faded and appears 
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predominantly as intra-cytoplasmic granules. Bar = 10 µm. Panel C: THP-1 derived 

macrophages were treated with LPS 1µg/ml and then with ADA 15 µg/ml; ADA significantly 

reduced cell cholesterol uptake from normal (NHS) and hypercholesterolaemic (HCS) human 

serum used as cholesterol donors. Panel D: THP-1 derived macrophages were treated with 

LPS 1µg/ml and then with ADA 15 µg/ml; ADA did not influence cell cholesterol efflux to 

normal human serum (NHS) used as cholesterol acceptor. Statistical significance was calculated 

by unpaired Student’s t test between conditions with or without ADA. ** = p < 0.005 and *** = p < 

0.0001. 

 

Figure 1S. In vitro effect of soluble TNFα on macrophage cholesterol uptake. Cells were 

incubated with medium (basal) or with 20 ng/ml TNFα for 24 hours (TNFα), or exposed to 

normal human serum for 24 hours with a 4 hour pre-incubation with medium (NHS) or TNFα 

(TNFα NHS). Macrophage cholesterol content is expressed as micrograms per milligram of 

proteins. Statistical significance was calculated by paired Student’s t test, NS = not significant. 

 

Figure 2S. In vitro effect of a control IgG isotype antibody for adalimumab on cell cholesterol 

uptake. THP-1 derived macrophages were treated with LPS 1µg/ml and then with rituximab 

(RIT) 15 µg/ml. Macrophage cholesterol content is expressed as micrograms per milligram of 

proteins. Rituximab showed no effect on cholesterol influx in macrophages. Statistical 

significance was calculated by paired Student’s t test, NS = not significant. 
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Table 1. 

Lipid profile of patients with RA at baseline and after 6 weeks and 6 months of treatment with 

MTX and ADA-MTX. 

 

 MTX baseline 6 weeks 6 months 

TC (mg/dL) 216.4 ± 41.8 220.2 ± 41.6 234.1 ± 50.6* 

LDL (mg/dL) 128.8 ± 38.1 132.5 ± 36.6 140.6 ± 41.7* 

HDL (mg/dL) 53.5 ± 13.9 57.71 ± 19.56 61.06 ± 20.0** 

Triglycerides(mg/dL) 114.1 ± 47.8 100.8 ± 35.5 110.6 ± 50.5 

* p < 0.05 and ** p < 0.001 vs baseline within each group. 

 

 ADA-MTX baseline 6 weeks 6 months 

TC (mg/dL) 224.3 ± 47.9 233.8 ± 48.7 231.3 ± 48.6 

LDL (mg/dL) 133.6 ± 40.7 139.5 ± 44.9 136.7 ± 41.6 

HDL (mg/dL) 58.7 ± 17.7 64.05 ± 17.6* 63.7 ± 20.1 

Triglycerides (mg/dL) 109.1 ± 30.6 107.4 ± 30.8 115.2 ± 30.8 
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Table 2. 

 Relationship between ABCG1-mediated CEC and serum HDL levels, DAS28 and homocysteine.  

 

 

In bold are statistically significant relationship values, evaluated by linear regression analysis. 

 

 

ABCG1-mediated CEC baseline r
2
 (p) 6 weeks r

2
 (p) 6 months r

2
 (p) 

    

Correlation with serum HDL            MTX 0.006 (0.67) 0.044 (0.23) 0.01 (0.572) 

                                             ADA-MTX 0.001 (0.89) 0.107 (0.14) 0.18 (0.047) 

    

Correlation with DAS28                   MTX 0.037 (0.28) 0.055 (0.18) 0.010 (0.573) 

                                              ADA-MTX 0.052 (0.31) 0.003 (0.82) 0.247 (0.018) 

    

Correlation with homocysteine         MTX 0.001 (0.89) 0.001 (0.95) 0.001 (0.83) 

                                             ADA-MTX 0.001 (0.98) 0.150 (0.07) 0.146 (0.07) 

    pooled  post treatment                 MTX  0.001 (0.896) 

    pooled  post treatment         ADA-MTX  0.137 (0.013) 
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Table 1S. 

Clinical data of patients with RA at baseline. 

 MTX group, N (%) ADA-MTX group, N (%) 

Total  34 22 

Female 25 (73.5) 16 (72.7) 

Age (mean ± SE) 56.3 ± 10.6 58 ± 8.2 

DD months (mean, range) 3,  0.1-25 9, 0.5-30 

Previous CV events 3 (8.8) 4 (18.2) 

Previous use of DMARDs 13 (38.2) 22 (100) 

ESR (mean ± SE) 26 ± 17.7 17 ± 11.6 

CRP (mean ± SE) 15 ± 16.6 14 ± 18.6 

DAS28 (mean ± SE) 5 ± 0.87 5 ± 1.24 

RF 22 (64.7) 16 (72.7) 

ACPA 17 (50.0) 17 (77.3) 

Hypertension 7 (20.6) 8 (36.4) 

Diabetes 0 (0) 3 (13.6) 

Smoking  13 (38.2) 4 (18.2) 

MTX dose (mg/week) (mean ± SE) 18 ± 3.0 18 ± 6.8 

Glucocorticoid 6 (17.6) 6 (27.3) 

NSAIDs 26 (76.5) 15 (68.2) 

Aspirin 4 (11.8) 1 (4.5) 

Statin 6 (17.6) 4 (18.2) 

 

DD = disease duration; CV = cardiovascular (stroke, myocardial infarction, coronary artery bypass 

grafting); ESR = erythrocyte sedimentation rate; CRP = C reactive protein; DAS28= Disease 

activity score 28, calculated with ESR; RF = Rheumatoid factor, ACPA= anti-citrullinated protein 

antibodies; NSAIDs = non-steroidal anti-inflammatory drugs. 
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