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Abstract

Introduction: Increased oxidative stress, including elevated homocysteine (Hcy) plasma
levels, and lowered levels of antioxidants participate in the pathophysiology and progression
of chronic kidney disease (CKD). Paraoxonase (PON)1 activity and folic acid are
antioxidants which play a role in Hcy metabolism. However, there are no data whether, in
CKD, treatment with folic acid improves glomerular filtration rate (GFR) through effects on
PON1 activity and Hcy concentrations. Methods: In the current study, we determined PON1
genotypes and activity, Hcy and estimated GFR (eGFR) both before and after treatment with
folic acid (5 mg/d) versus no treatment during three consecutive months in 113 outpatients
with CKD classified into stages 4, 3b and 3a. Results: PON1 CMPAase and AREase
activities were significantly lower in patients allocated to CKD stage 4 as compared with
stages 3b and 3a. Treatment with folic acid significantly improved eGFR and increased
levels of CMPAase and AREase in patients allocated to classes 4 and 3b, but not 3a. The
improvement of eGFR was associated with increased CMPAase and AREase activities,
while the latter were associated with increased levels of folic acid. Treatment with folic acid
significantly reduced plasma Hcy levels and the Hcy/PONL1 activity ratio. The effects of folic
acid increasing PONL1 activities were not mediated by changes in Hcy. Discussion:
Treatment of CKD patients in early/intermediate stages of CKD patients improves oxidative
stress by rebalancing the prooxidant (Hcy) / antioxidant (PON1 activities) ratio. Treatment
with folic acid significantly improves eGFR and these effects are mediated via increased
PONL1 activities. Treatment with folic acid in phase G3b and G4 may reduce renal disease

progression by enhancing antioxidant defenses.
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Introduction

Chronic kidney disease (CKD) is a serious public health issue with an incidence that
is still increasing (Neuen et al., 2017). In the Global Burden of Disease Study (GBD 2015),
CKD was the 12th most common cause of death, accounting for 1.1 million deaths
worldwide. CKD is defined as renal dysfunction with an estimated glomerular filtration rate
[eGFR] <60 mL/min/1.73 m2 and which should be present for at least 3 months (KDIGO,
2012). According to the National Kidney Foundation (KDIGO, 2012), staging of CKD is
based on eGFR values whereby G1 stage refers to normal (eGFR > 90 mL/min/1.73 m2),
G2 to mildly decreased (eGFR = 60-89 mL/min/1.73 m2), G3a (eGFR 59-44 mL/min/1.73
m2), G3b (eGFR 44-33 mL/min/1.73 m2), G4 to severely decreased kidney function (eGFR
29-15 mL/min/1.73 m2), and G5 to kidney failure including end-stage renal disease (ESRD)
(eGFR <15 mL/min/1.73 m2).

Age, hypertension, smoking, dyslipidemia and diabetes mellitus are some of the
known risk factors of CKD (Aslam 2008; Levi et al., 2014). Many CKD-provoking factors
are associated with mitochondrial dysfunctions and increased nitro-oxidative stress (Levi et
al., 2014). Oxidative stress (OS) occurs in the early stages of CKD and increases with
progression of renal impairment and further increases in end-stage renal disease (ESRD)
(Oberg et al., 2004). Activated OS pathways are even more disturbed in patients undergoing
renal replacement therapies due to procedure-related factors (Dounousi et al., 2006). Uremic
toxins, including urea, creatinine, homocysteine [Hcy], oxalate, phosphorus, and guanidines,
may promote lipid peroxidation and protein oxidation and generate an imbalance in the ratio
of oxidized to reduced glutathione and reduced superoxide dismutase / peroxidase activity
(Barreto et al., 2014; Stepniewska 2015; Duni et al., 2017; Taylor, Bhandari, Seymour 2015).

Hcy, formed from hepatic methionine, is metabolized by Hcy-thiolactonase

(HTLase), which hydrolyzes Hcy-thiolactone to Hcy (Yilmaz, 2010). Hcy is minimally
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eliminated by the kidney since, in physiological conditions, only non-protein bound Hcy is
subjected to glomerular filtration and reabsorbed in the tubuli and oxidized to carbon dioxide
and sulfate by kidney cells (Perna et al., 2010). Moreover, in the kidney, Hcy is
transsulfurated and a deficiency of this renal transsulfuration mechanism may contribute to
elevated plasma Hcy (Long; Nie 2016). Increased Hcy levels are frequently observed in the
plasma of CKD patients and are, additionally, associated with elevated OS (Kennedy et al.,
2013). Moreover, plasma Hcy is modulated by genetic alterations in methionine metabolism
enzymes, and deficiencies in vitamin B12 and B6 and folic acid (Long; Nie 2016). Folic acid
and vitamin B12 are essential cofactors in the methylation of Hcy into methionine and,
therefore, disruption of their homeostasis may be associated with increased cardiovascular
risk and CKD progression (Cianciolo et al., 2008, 2017).

The metabolism of 5-methyltetrahydrofolate (5-MTHF), the circulating form of folic
acid, is impaired in uremic patients (Pietrzik, Bailey, Shane 2010) including a slower uptake
rate of folates into tissues (Zha, 2017). Folic acid supplementation at doses of 2.5 to 15 mg
may be efficient in reducing Hcy serum levels in CKD pre-dialysis or hemodialysis patients
(Righetti et al., 2006; Vianna et al., 2007; Cianciolo et al., 2008; House et al., 2010; Wu,
2012). Moreover, there is evidence that folic acid exerts both direct and indirect antioxidant
effects, such as free radical scavenging, protection against oxidative modification of human
low-density lipoproteins, and improvement of cellular antioxidant defenses (Joshi et al.,
2001; Nakano; Higgins; Powers 2001). Doshi et al. (2002) suggested that 5-MTHF may
attenuate Hcy-induced production of superoxide radicals in cultured endothelial cells.

In CKD, elevated nitro-oxidative stress is mainly the consequence of increased
production of reactive oxygen and nitrogen species (ROS / RNS) as a consequence of
reduced clearance of pro-oxidant substances due to renal dysfunction while impaired

antioxidant defenses may increase vulnerability to oxidative damage (Locatelli et al., 2003).
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One of those antioxidant enzymes is paraoxonases (PON)1 a high-density lipoprotein (HDL)
associated enzyme displaying arylesterase (AREase) and lactonase activity (Costa,
Giordano, Furlong 2011). PONL1 protects lipids, HDL and LDL cholesterol from oxidation
thereby protecting against the consequences of lipid peroxidation including cardiovascular
disorder (Efrat; Aviram 2008; Rosenblat et al., 2011). Moreover, PON1 may exhibit a same
activity as HTLase thereby hydrolyzing Hcy-thiolactone back to Hcy, which in turn may be
converted to methionine (Yilmaz et al., 2006), thereby protecting against Hcy-associated
ROS and OS (Yilmaz 2010). The PON1 Q192R polymorphism influences the activity of the
PON1 enzymes thereby altering their ability to prevent lipid oxidation (Billecke et al., 2000).
RR homozygotes show a greater efficacy detoxifying substrates including paraoxon, 4-
(chloromethyl)phenylacetate (CMPA) and 5-thiobutil butyrolactone (Richter et al., 2008;
Marsillach et al., 2009; Bayrak et al., 2016). Importantly, Kenned et al. (2013) reported that
PON activity may be lowered in CKD patients. Nevertheless, there are no data whether
treatment with folic acid may improve PONL1 activity in CKD patients and whether this could
result in improvement of GFR through effects on Hcy.

Hence, the current study was carried out to examine whether, in pre-dialysis patients
(stages G3a, G3b and G4), folic acid 5 mg/daily may enhance PON1 enzyme activity and
improve eGFR and Hcy levels. The specific hypotheses are that a) folic acid may enhance
PONL1 activity in CKD patients; and b) that this effect could improve eGFR and lower Hcy

levels.

Participants and Methods
Participants
In this study, 113 outpatients with CKD were recruited at the Department of Internal

Medicine, Nephrology Section, the State University Clinical Hospital of Londrina (HC-
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UEL). All participants were Brazilian nationals, aged 18-65 years, both women and men.
The clinical diagnosis of CKD was made by senior nephrologists based on eGFR values <60
mL/min/1.73 m? and presence of markers of kidney damage including albuminuria,
aberrations in urine sediment and electrolyte abnormalities. The Modification of Diet in
Renal Disease (MDRD) Study equation (Levey et al., 1999) was used to estimate eGFR
based on serum creatinine levels. CKD patients were classified into three groups according
to eGFR classification G3a, G3b and G4.

Socio-demographic and clinical data were collected from all participants including
presence of diabetes, hypertension, and use of statins and antihypertensive. Systolic and
diastolic blood pressure (SP and DP) was measured using aneroid sphygmomanometer. The
diagnosis of tobacco use disorder (TUD) was made using DSM-IV-TR criteria. We also
measured body mass index (BMI) as body weight (kg) / length (m2).

Exclusion criteria for all subjects were a) age less than 18 years; b)
neuroinflammatory disorders including Parkinson’s disease, stroke, and multiple sclerosis;
c) medical illness including malignancies; and d) use of immunomodulatory drugs, and
antioxidant and w3-polyunsaturated fatty acid supplements. We also excluded patients who
did not comply with the G4, G3b and G3a staging criteria.

This is a nonblinded randomized trial, which examines the effects of intervention
with folic acid on PON1 activities, Hcy and eGFR. Patients were allocated (simple
randomization at a ratio 6/4) into an active intervention group (treatment with folic acid) or
a control group (no active intervention). Treatment with folic acid was fixed at a dose of 5
mg in a tablet daily for 3 consecutive months. The choice of this dosage is based on previous
studies (Nanayakkara et al., 2007; House et al., 2010). All patients were treated with care as
usual (CAU), that is use of antidiabetics (n=29/23), statins (n=9/10), antihypertensive drugs

(n=18/16) and acetylsalicylic acid (n=35/29) in the intervention and control group,
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respectively. These treatments and their dosages were stable for at least 8 weeks prior to the
initiation of the trial and during the study as well. No other treatments were started during
the study period. All patients had blood tests at baseline and again 3 months later. After
informed consent was given, the participants underwent clinical interviews and on the same
day blood samples were collected while the intervention started the next day in the morning.
A post-discontinuation interview and blood collection was conducted 12-weeks post-
treatment. All patients from the extended intervention group had follow-up calls once a
week. Treatment compliance was ascertained via pill counts and self-reporting.

Approval for the study was obtained from the Human Research Ethics Committee of
the State University of Londrina (UEL), Brazil (CAAE 63097216.1.0000.5231). All
participants provided written informed consent before participating in this study. This study

was registered in the Brazilian Record of Clinical Trials (ReBEC), under n RBR-2bfthr.

Assays

Fasting blood was sampled from all individuals between 8.00 and 9.00 a.m. Blood
was immediately centrifuged, and the serum was aliquoted and stored at —80°C until thawed
for assays. To stratify individuals in the functional genotypes for the PON1 Q192R
polymorphism (QQ, QR, and RR), the substrates used were phenylacetate (PA, Sigma, USA)
under high salt condition and 4-(chloromethyl)phenylacetate (CMPA, Sigma, USA), which
is an alternative to the use of the toxic paraoxon. PON1 activities were determined by the
rate of hydrolysis of CMPA (CMPAase, which is influenced by the PON1 Q192R
polymorphism) as well as by the rate hydrolysis of phenylacetate under low salt condition
(AREase, which is less influenced by the PON1 Q192R polymorphism). Analysis were
conducted in a microplate reader (EnSpire, Perkin Elmer, USA) (Richter et al., 2008).

Analyses of folate and serum creatinine were performed on the Dimension®, RxL apparatus
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(Deerfield, IL, USA). Hcy was measured by automated methodologies on the Architect
12000SR apparatus (Abbott, IL, USA). The intra-assay CV values for all analytes were

<10%.

Statistical analysis

Analysis of contingency tables (y? test) was employed to assess the associations
between categorical variables while analysis of variance (ANOVA) was employed to assess
differences in continuous variables between treatment groups. Generalized estimating
equation (GEE) analysis, repeated measures, was employed to assess the effects of folic acid
on the eGFR and biomarkers. The pre-specified GEE analyses included categorical effects
of folic acid treatment (yes/no), time and the time-by-treatment interaction. GEE analysis,
repeated measures, was also used to examine the changes over time (from baseline to
endpoint) in eGFR and biomarker data. All tests were two-tailed and a p-value of 0.05 was
used for statistical significance. The statistical analyses were performed using IBM SPSS
windows version 25. Two z unit-weighted composite scores were computed, a first reflecting
an integrative index of PON1 activity computed as z score of CMPAase activity + z score
of AREase activity, and the second reflecting a PROOX/ANTIOX ratio computed as z score

of Hey — z score of (zCMPAase + zAREase).

Results

Consort flow diagram

Figure 1 shows the CONSORT flow diagram and the progress of the paraticiants
through the randomized trial. Of the 209 CKD patients included into the study, 73 were
excluded due to different exclusion criteria as shown in Figure 1. As a consequence, one

hundred thirty six participant were randomized in the study namely 82 (60.30%) patients
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were allocated to the intervention arm treated with folic acid and CAU, and 54 (39.70%)
patients were allocated to the CAU only or control group. After randomization, 23 patients
were excluded, i.e. 16 in the intervention and 7 in the control arm (see Figure 1). Finally,
113 patients completed the 12-weeks follow-up assessment and we analyzed the data of 66
partients treated with folic acid + CAU and 47 with CAU alone using a classical intention-
to-treat-analysis. There were no missing data in both treatment arms either at baseline or

after treatment.

Baseline characteristics of patients in both treatment arms

Table 1 shows the baseline characteristics of CKD patients treated with and without
folic acid. There were no significant differences between both treatment groups in any of the
demographic data including age, sex, and ethnicity and baseline clinical data including BMI,
diabetes, use of statins, hypertension, use of antihypertensive, diastolic blood pressure (DP),
and smoking. The systolic blood pressure was somewhat higher in patients treated with folic
acid than in those without. There were no significant differences in any of the baseline
biomarker levels between both treatment groups including in folic acid, eGFR, CMPAase,
AREase, Hcy and vitamin B12 levels. Also, there were no significant differences in PON1
genotype distribution and eGFR grouping between patients who were treated or not with

folic acid.

Effects of treatment with folic acid

Table 2 shows the results of GEE analysis, repeated measures, namely the effects of
treatment with folic acid on the eGFR and biomarkers. We examined the effects of time

(baseline versus 3 months later), treatment (study groups with or without folic acid), and the

time X treatment group interaction. The first GEE analysis in Table 2 shows a significant
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effect of treatment, time, and the interaction pattern between time X treatment on the eGFR
values, namely post-treatment eGFR values were significantly higher in patients treated with
folic acid as compared with the three other conditions. The time X treatment interactions
were also significant for folic acid, PON1 CMPAase and AREase activities, Hcy, and the
PROOX/ANTIOX ratio. Post-treatment levels of folic acid, CMPAase and AREase were
significantly increased in patients treated with folic acid as compared with their baseline
levels and the pre- and post-treatment levels measured in patients who were not treated with
folic acid. The post-treatment levels of Hcy and the PROOX/ANTIOX ratio were
significantly lower in patients treated with folic acid as compared with their baseline levels
and baseline and endpoint levels measured in patients who were not treated with folic acid.
There were no significant effects of treatment, time or their interaction on vitamin B12

concentrations.

Associations between changes in folic acid, GFR, PONL1 activities and Hcy

Employing GEE analysis, repeated measures, we examined the associations between
the changes over time in eGFR, PONL1 activities, and Hcy (introduced as dependent
variables) and folic acid concentrations (introduced as explanatory variable). We found that
the changes in folic acid from baseline to 3 months later were significantly and positively
correlated with the changes in eGFR and PON1 CMPAase and AREase activities and
inversely with the changes in Hcy. Since increased levels of Hcy may result in part from
lowered eGFR we have also examined the combined effects of folic acid and eGFR on Hcy
levels and found that both folic acid and eGFR significantly and inversely predicted Hcy
levels (Table 3).

We also found that the eGFR values measured at baseline and 3 months later were

significantly and positively correlated with the PON1 CMPAase and AREase activities.
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Moreover, the significant association between eGFR values and the time X folic acid
treatment interaction (see Table 2) disappeared after considering the effects of PON1
enzyme activities, indicating that the time X folic acid treatment effect is mediated by
increments in PON1 activities. Finally, Hcy did not have any significant effects on PON1

enzyme activities after considering the effects of folic acid.

Effects of GFR groups

Table 4 shows the differences in PON1 enzyme activities and Hcy and their ratio
between the three groups divided according to eGFR values into groups G3a, G3b and G4.
PON1 CMPAase and AREase activities were significantly lower in group G4 than in groups
G3b and G3a. Hcy levels were significantly different between the three study samples with
the lowest levels in group G3a and the highest levels in group G4. There were highly
significant differences in the PROOX/ANTIOX ratio among the three groups with the
highest levels in group G4 and the lowest levels in group G3a with a difference between
those groups of around 1.475 standard deviations.

GEE analysis, repeated measures, with PON1 activities as dependent variable and
time, folic acid treatment, and eGFR groups (G3a, G3b and G4) and their two- and three-
way interactions as effects showed a significant three-way interaction between time by
treatment by eGFR groups. Table 5 shows this interaction pattern, namely that in patients
treated with folic acid, the post-treatment PON1 activities are significantly higher than the
baseline values in groups G4 and G3b, but not in group G3a, while no significant effects
were established in patients without active treatment indicating that treatment with folic acid
increases PONL1 activities only in patients belonging to groups G4 and G3b, but not group

G4.
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Discussion

The first major finding of this study is that treatment with folic acid 5 mg daily for
three consecutive months significantly improved eGFR increasing the pre-treatment mean
eGFR value of 36.8 (SE=0.5) ml/min/1.73m? to a post-treatment value of 42.3 (1.3)
ml/min/1.73m?. These findings extend those of a previous randomized, double-blind trial
performed on 93 CKD patients, who were not on dialysis, reporting that supplementation
with folic acid 5 mg/d (6, 12, 18 and 24 months) induced a moderate increase in eGFR levels
although the overall effect was not significant (Nanayakkara et al., 2007). However, the
results of other folate interventional studies are conflicting and some studies even reported
a decrease in eGFR after treatment with different doses (0.8 mg/d and 2.5 mg/d) of folic acid
in a single tablet containing high doses of combined B vitamins (folic acid, vitamin B6, and
vitamin B12) in patients with advanced CKD (House et al., 2010). The latter authors
explained these findings by postulating a potential toxicity determined by unmetabolized
folic acid accumulating in the bloodstream. Nevertheless, the contradictory results may be
consequence of differences in dose namely 5 mg daily in the studies that reported an
improvement in eGFR versus < 5 mg daily in the negative studies. Even more important is
a possible difference in CKD subgroups among studies. Thus, both above-mentioned studies
reporting positive effects included patients with who were not treated with dialysis, whereas
House et al. (2010) included dialysis patients. Another interpretation of the conflicting
results is that the greater decrease in GFR in the House et al. (2010) study may be caused by
toxicity induced by use of high vitamin B6 doses (Zempleni and Kiibler, 1995). Because
these vitamins are water-soluble and renally excreted, vitamin B 6 toxicity may be more of
a concern in patients with impaired renal function (House et al., 2010). Our results also
extend the report of Xu et al. (2016) who found a small but statistically significant reduction

in CKD progression with addition of folic acid to enalapril in adults with hypertension.
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Treatment with 10 mg enalapril combined with 0.8 mg folic acid significantly delayed the
progression of CKD among patients with mild-to-moderate CKD as compared with 10 mg
enalapril alone. Wyatt and Spence (2016) pointed out that differences between Xu’s study
(2016) and prior studies may be explained by differences in study population namely folic
acid fortification of grain, which is not implemented in China but is implemented in other
countries (including the USA and Brazil) with the aim to reduce the risk of neural tube
defects. Therefore, our results show that folic acid may improve eGFR also in patients with
mandatory folic acid fortification.

The second major finding of this study is that PON1 CMPAase and AREase activities
were significantly lowered in patients in stage G4 as compared with stages G3b and G3a.
Our results extend those of Karatas et al. (2019) who reported that PON1 levels decreased
with the increasing severity of CKD stages. Lowered levels of PON activity are frequently
associated with CKD. For example, AREase activities were significantly lowered in CKD
patients as compared with non-CKD patients while lowered activity levels also predicted a
poorer outcome (Kennedy et al., 2013). Another study reported lowered levels of both
paraoxonase and AREase in CKD and ESRD patients as compared with controls (Miljkovic
et al., 2018).

Total PON1 activity was significantly reduced in hemodialysis patients as compared
with controls and renal failure patients (Samouilidou et al., 2016). Furthermore, in CKD,
PON1 AREase activity is significantly and negatively associated with creatinine
concentrations (Miljkovic et al., 2018). Such findings indicate that PON1 enzyme activities
are significantly reduced in parallel with increasing CKD severity with lowest levels being
established in ESRD. Therefore, increasing severity of CKD appears to be accompanied by

lowered total PON1 CMPAase and AREase activities and, consequently, lower lipid-
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associated antioxidant defenses and an increased vulnerability to develop damage due to OS
(Moreira et al., 2019).

In this respect, Stefanovic et al. (2017) reported that the ratio of myeloperoxidase
(MPQO) / PONL is significantly elevated in CKD patients as compared with controls while
this ratio was inversely associated with smaller HDL classes. In addition, PONL1 activities
were negatively associated with levels of malondialdehyde (Atamer et al., 2008). In CKD
patients, lowered PON1 concentrations are positively associated with the levels of HDL and
HDL3 cholesterol and with ApoAl (Samouilidou et al., 2016). Interestingly, lowered
AREase activity predicted an increased risk towards adverse cardiac effects including
myocardial infarction, stroke, and death (Kennedy et al., 2013).

Some studies show that OS is present even at the early stages of CKD and increases
in parallel with progression of CKD to achieve very high levels in ESRD (Dounousi et al.,
2006; Liakopoulos et al., 2019). There is now evidence that lowered antioxidant defenses
and oxidative damage together with other inflammatory mediators play a key role in the
onset of CKD, glomerular lesions, kidney disease progression, and CKD complications
including inflammatory processes, atherosclerosis and hypertension (Daenen et al., 2019).
The latter authors review that the kidney is vulnerable to oxidative damage because it is a
highly metabolic organ that is rich in mitochondrial oxidative reactions. All in all, our results
indicate that lowered PON1 CMPAase and AREase activities may be a key component in
the pathophysiology of CKD by aggravating the damage due to OS.

The third major finding of this study is that treatment with folic acid significantly
increased levels of CMPAase and AREase especially in patients allocated to CKD classes
G4 and G3b, but not G3a. Only few studies examined the effects of folic acid on PON1
enzymatic activities and the few who reported negative findings. Firstly, Vanzin et al. (2015)

reported no effects of folic acid on PON1 activity levels in patients with cystathionine-
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synthase deficiency. Secondly, in coronary artery disease patients, administration of folic
acid for one year did not affect PON1 activities and PON1 protein (Perta-Kajan et al., 2010).
Interestingly, in Japanese quails, administration of folic acid significantly increased
paraoxonase and AREase activities (Gursu et al., 2004).

Moreover, our data show that the folic acid-induced increases in PON1 CMPAase
and AREase activities from baseline to 3 months later are significantly and positively
associated with the improvement in eGFR. Those results indicate that treatment with folic
acid may improve eGFR and that these effects are mediated by increased PONL1 activity,
which increases lipid-associated antioxidant defenses. However, a double-blind placebo
controlled randomized trial performed in 40 healthy volunteers indicated that folic acid (300
pg/daily for 12 weeks) elevated serum PON1 CMPAase enzyme activity (Voutilainen et al.,
2003). In contrast, Kim et al. (2012) showed that dietary folic acid was negatively associated
of AREase activity.

The possible antioxidant activity of folic acid is ascribed to its free radical scavenging
properties (Joshi et al., 2001). All the radicals (thiyl radicals [RS], peroxyl radical [CCIz0;1],
azide radical [N3'], sulfate radical anions [SO4™], bromine radical [Br2"] and hydroxyl [[OH]
radicals) react with folic acid under ambient conditions at an almost diffusion-controlled
rate. In addition, folic acid can not only scavenge RS® but can also repair those thiols at
physiological pH. Folic acid can be converted into a coenzyme N5, N10-dimethylene-
5,6,7,8-tetrahydrofolate in vivo through a series of enzymatic transformations. It has purine
and pyrazine type rings and two amino acids on the pyrazine ring. Its lactim form has a
hydroxyl group on the purine type ring. When folic acid reacts with oxidizing free radicals,
this hydroxyl group can play an important role in inhibiting the oxidation effect (Qin et al.,

2014).
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The fourth major finding of this study is that Hcy levels are significantly increased
from G3a to G3b to G4 and, thus, that patients belonging to stage G4 showed lower PON1
activity and higher Hcy concentrations. Our data extend those of Kerkeni et al. (2009) who
reported that patients with hyperhomocysteinemia show decreased PON1 concentrations,
and with the results of Choi et al. (2014) who reported that there is a negative correlation
between Hcy levels and renal function. Some other studies reported that CKD is
accompanied by hyperhomocysteinemia and that there are significant inverse associations
between PONI1 activity and Hcy (Perta-Kaja'n; Jakubowski 2012; Koyama et al., 1997).
Moreover, patients with CKD show increased Hcy levels as compared with the general
population (Perna et al., 2010). Van Guldener and Stehouwer (2003) demonstrated that
hyperhomocysteinemia in these patients may be induced by a dysregulated Hcy metabolism
in the kidneys rather than by reduced eGFR. As such, it is difficult to conclude whether Hcy
or eGFR is the explanatory variable. To complicate matters, Hcy may play a mechanistic
role in suppressing PONL1 activity (Kennedy et al., 2013) although in our study there were
no significant effects of Hcy on PON1 enzymatic activities.

The fifth major finding of this study is that folic acid significantly reduced plasma
Hcy levels and the Hcy/PONL1 activity ratio and that the effects of folic acid increasing PON1
activities were not mediated by changes in Hcy. Our findings extend those of previous papers
reporting that treatment with folic acid (2.5 - 15 mg/d) may reduce Hcy concentrations in
CKD (House et al., 2010; Wu, 2012; Righetti et al., 2006; Vianna et al., 2007; Cianciolo et
al., 2008). Some reviews (Clase; Ki; Holden 2013; Cianciolo et al. 2017; Capelli et al. 2019)
discuss that the beneficial effects of folic acid therapy may be due to its direct effects or to
a reduction of hyperhomocysteinemia in patients with CKD.

Hcy may cause OS through different mechanisms including auto-oxidation,

suppression of glutathione peroxidase and activation of superoxide dismutase (Cristiana;
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Nina; Elena, 2012). Moreover, Hcy contains a reactive sulfhydryl group (-SH) and, like
most thiols (RSH), can undergo oxidation to the disulfide (RSSR) at a physiological pH in
the presence of O, (Jacobsen et al., 2000; Poole, 2015). The metabolism of Hcy comprises
two different pathways, namely remethylation and transsulfuration. In the former pathway,
methionine is regenerated through a reaction catalyzed by the enzyme methionine synthase,
requiring folate and vitamin B12 as cofactors (Van Guldener; Stam; Stehouwer 2005; Obeid
et al., 2016). As such, folate is involved in Hcy remethylation to methionine (Perta-Kaja'n;
Jakubowski 2012). Therefore, our results that folic acid treatment may reduce Hcy
concentrations, suggests that the antioxidant properties of folate contribute directly to an
improved prooxidant/antioxidant in CKD patients.

In conclusion, treatment with folic acid improves eGFR and increases CMPAase and
AREase activities and additionally decreases Hcy levels. The improvement in eGFR is
mediated via increased PON1 activities. Folic acid treatment of CKD patients in
early/intermediate stages of CKD patients improves the prooxidant (Hcy) / antioxidant
(PONL activities) ratio. Treatment with folic acid in phase G3b and G4 may reduce renal

disease progression by enhancing antioxidant defenses.
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Variables No  Folic acid | Folic acid F/X? df P
Treatment Tratment
(n=47) (n=66)

Age (years) 67.2 (12.4) 66.2 (13.1) 0.17 1/111 0.678
Sex (F/M) 19/28 30/36 0.28 1 0.595
Ethnicity (C/nC) 39/8 59/7 0.98 1 0.322
BMI (kg/m?) 29.3 (5.4) 29.1 (5.1) 0.03 1/110 0.870
Diabetes (Y/N) 23/24 29/37 0.77 1 0.599
Statin use (Y/N) 10/37 9/57 1.15 1 0.284
HAA (Y/N) 16/29 18/47 0.77 1 0.380
ASA use (Y/N) 29/16 35/30 1.23 1 0.268
Smoking (Y/N) 4/43 4/62 0.25 1 0.617
SP (mm Hg) 120.6 (16.1) 129.0 (18.6) 7.36 1/111 0.008
DP (mm Hg) 82.8 (13.5) 83.2 (12.7) 0.03 1/111 0.867
Folic acid (mg/mL) 7.87 (3.0) 8.71 (3.66) 1.81 1/110 0.182
eGFR (mL/min/, 1.73m?) 36.1 (12.7) 33.8 (12.5) 0.98 1/111 0.325
CMPAase (U/mL) 28.6 (10.3) 28.1 (10.7) 0.07 1/111 0.787
AREase (U/mL) 182.5 (44.5) 178.9 (46.6) 0.17 - 0.679
PON genotype (QQ/QR/RR) 22/23/1 29/31/6 ¥Y=0.14 - 0.330
GRF groups 16/16/15 29/23/14 1.91 2 0.386
Homocysteine (mmol/L) 18.79 (12.28) 18.88 (5.50) 0.98 1/110 0.325
Vitamin B12 (mg/mL) 408.6 (209.0) 369.5 (235.3) 0.81 1/107 0.369
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All results are shown as mean (SD). BMI: body mass index; ASA: acetylsalicylic acid; HAA: arterial hypertension; SP: systolic
blood pressure, DP, diastolic blood pressure, GRF: glomerular react filtration; CMPAase: 4-(chloromethyl)phenyl acetate

activity; AREase: arylesterase activity; GFR: glomerular filtration rate. *Processed in Ln transformation.
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Table 2: Effect of folic acid treatment on glomerular filtration rate (GFR), paraoxonase (PON)1 CMPAase and AREase activities, and homocysteine:
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results of GEE analyses, repeated measures.
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. Active Treatment Time Treatment x time
Variables T reatment Basal Post treatment = o = b = 0
eGFR (mL/min/, No 36.5 (0.7) 37.4(1.1)
1.73m) Yes 36.8 (0.5) 42.3 (1.6)* 6.21 0.013 8.70 0.003 4.52 0.034
Folic Acid (mg/mL) \N(ZS ;;2 Egggi 2'70‘717((2'383)7)*** 1001 | <0.001 |1266 |<0.001 |88.83 <0.001
PON1 CMPAase No 32.7 (1.4) 34.4 (1.6)

(U/mL) Yes 34.4 (1.6) 39.1 (L5)* 1.38 0.240 9.14 0.003 3.84 0.05
PON1 AREase (U/mL) | No 193.0 (6.4) 189.9 (7.9)

Yes 189.5 (6.1) 221.9 (5.6)** 3.79 0.052 9.16 0.002 |13.46 <0.001
CMPAase + AREase | No 0.25 (0.18) 0.32 (0.21)
(Z SCOI’ES) Yes 0.08 (0_17) 1.38 (0_17)*** 4.96 0.026 17.70 <0.001 14.26 <0.001
Homocysteine No 18.79 (1.78) 16.87 (0.74)
(mmol/L) Yes 18.87 (0.68) | 14.49 (0.46)** 0.64 0.423 18.02 <0.001 |8.23 0.004
PROOX / ANTIOX No 0.069 (0.213) -0.117 (0.181)
ratio Yes 0.251 (0.163) | -1.349 (0.166)*** | 3.32 0.069 3420 | <0.001 | 20.83 <0.001
Vitamin B12 (mg/mL) | No 408.6 (30.2) | 421.3 (50.0)

Yes 372.6 (29.8) 504.9 (82.9) 0.09 0.765 0.34 0.558 2.60 0.107
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Results are shown as estimated marginal means (SE) obtained by GEE analyses after covarying for PON1 genotype and GFR groups. CMPAase + AREase: index
of overall PON1 enzyme activity computed as z value of CMPAase (zCMPAase) + z AREase. PROOX/ANTIOX: computed as z homocysteine - z(zCMPAase +

ZAREase). *p<0.05, **p<0.01, ***p<0.001: significantly different from the other three conditions.
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Table 3: Associations between changes in estimated glomerular filtration rate (GFR), folic acid, homocysteine and

PON1 CMPAase and AREase enzyme activities from baseline to post-treatment: results of GEE analyses, repeated

measures.
Dependent variable Explanatory variable B SE Wald df P
GFR Folic Acid 0.147 0.0661 4.94 1 0.026
PON1 AREase* Folic Acid 0.268 0.0571 22.02 1 <0.001
PON1 CMPAase* Folic Acid 0.172 0.0642 7.15 1 0.008
CMPAase + AREase™ Folic Acid 0.304 0.0577 27.74 1 <0.001
Homocysteine Folic Acid -0.419 0.0857 23.98 1 <0.001
Homocysteine GFR -0.434 0.0565 58.98 1 <0.001
Homocysteine Folic Acid -0.265 0.0626 15.65 1 <0.001
GFR -0.392 0.0671 52.97 1 <0.001
eGFR PON1 AREase 0.271 0.0668 16.43 1 <0.001
eGFR PON1 CMPAse 0.187 0.0576 10.51 1 0.001
eGFR CMPAase + AREase 0.287 0.0647 19.69 1 <0.001
eGFR Time X treatment 0.144 0.1856 5.15 3 0.161
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CMPAase + AREase 0.143 0.0588 591 0.015
CMPAase + AREase* Homocysteine -0.115 0.0649 3.16 0.075
Folic acid 0.285 0.0703 16.38 <0.001

All variables are entered as z scores. * adjusted for PON1 genotypes and GFR groups. CMPAase + AREase: index of overall

PONL1 enzyme activity computed as z value of CMPAase (zCMPAase) + z AREase.
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Table 4. Differences in PONL1 activity and homocysteine levels between study groups based on glomerular filtration

rate cut-off values.
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GFR groups
Variables F df p

G4 A G3b B G3a ¢
PON1 CMPAase (U/mL) 31.3(0.9) BC 35.8 (1.3) A 36.5 (L5)A 15.7 2 0.001
PON1 AREase (U/mL) 183.4 (5.7)BC 205.0 (7.1)A 207.9 (7.0)A 10.25 2 0.006
CMPAase + AREase (z scores) | -0.058 (0.091)8C | 0.468 (0.119) A 0.559 (0.115) A 22.32 2 <0.001
Homocysteine (mmol/L) 20.58 (1.13) BC 16.86 (0.58) A€ 15.54 (0.65) AB 35.36 2 <0.001
PROOX/ANTIOX ratio 0.577 (0.164) BC -0.452 (0.169) A€ -0.998 (0.184) AB 46.90 2 <0.001

All results of GEE analyses with the estimated marginal means (SE) after adjustment for treatment, time, PON1 genotype, age, sex and body
mass index. CMPAase + AREase: index of overall PON1 enzyme activity computed as z value of CMPAase (zCMPAase) + z AREase.

PROOX/ANTIOX: computed as z homocysteine - z(zCMPAase + zAREase).
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Active Treatment GFR groups Pre-treatment Post-treatment p value (basal-post)
G4 -0.53 (0.18) -0.57 (0.22) 0.886
NO G3b 0.30 (0.17) 0.55 (0.22) 0.230
G3a 0.63 (0.19) 0.56 (0.21) 0.794
G4 -0.30 (0.17) 0.80 (0.12)* 0.001
YES G3b -0.02 (0.19) 0.94 (0.19)* 0.001
G3a 0.44 (0.23) 0.54 (0.21) 0.942

All results are shown as mean z scores (SE), all estimated marginal means obtained by GEE analyses.
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