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Introduction

Leprosy,

disease or Morbus Hansen
granulomatous infection caused by Mycobacterium
leprae, which predominantly manifests in the skin and
nervous system. Leprosy is generally dreaded due to
its potential to cause body deformities and disabilities.
The initial symptoms of leprosy often manifest only as
hypopigmented macule. In a leprosy reaction, other
general clinical signs may appear, such as chills,
anorexia, sometimes accompanied by an enlarged liver-
spleen, nephritis, and neuritis [1]. In 2016, the global
prevalence of leprosy was 0.29 per 10,000 population,[2]
while in Indonesia, the figure was higher, 0.7 per 10,000
population in 2017 [3]. There were 16,826 new cases in
2016 and 15,920 new cases in 2017, placing Indonesia
as the country with the third-highest incidence of leprosy
in the world after India and Brazil [2]. Late diagnosis of
leprosy can cause irreversible neurological disability,
and its clinical manifestations are often stigmatized,
thus affecting the physical, economic, and social life of
the sufferer. Early diagnosis and effective treatment are
needed to prevent complications [4].

commonly known as Hansen’s

Abstract
BACKGROUND: Although leprosy remains as a serious disease of the skin and nervous system, the current

treatment is still lacking in its effectiveness.

AIM: This literature review will explore the association of lipid and leprosy, as well as the potential of statin and other
lipid-lowering agents as adjunctive drugs to combat leprosy.

MATERIALS AND METHODS: Articles were searched through the PubMed, EBSCOhost, and Google Scholar
with the keywords: immunomodulation, lipid-body, lipids, leprosy, Mycobacterium leprae, pathogenesis, rifampin or
rifampicin, and statins. A manual searching is also carried out to find an additional relevant information to make this
literature review more comprehensive.

RESULTS: The literatures showed that lipids are highly correlated with leprosy through alterations in serum lipid profile,
metabolism, pathogenesis, and producing oxidative stress. Statins can diminish lipid utilization in the pathogenesis
of leprosy and show a mycobactericidal effect by increasing the effectiveness of rifampicin and recover the function
of macrophages. In addition, Statins have anti-inflammatory properties which may aid in preventing type | and Il
reactions in leprosy. Standard multidrug therapy might reduce the efficacy of statins, but the effect is not clinically
significant. The statin dose-response curve also allows therapeutic response to be achieved with minimal dose.

CONCLUSION: The various pleiotropic effects of statins make it a potential adjunct to standard treatment for leprosy
in the future.

Several challenges arise in leprosy eradication,
such as increasing drug resistance cases due to
withdrawal from multidrug therapy (MDT), therapy
failure after completing MDT resulting relapse cases,
and MDT has not been effective in killing persistent
leprosy bacteria ultimately [4]. In a prospective survey
of leprosy endemic countries from 2009-2015, leprosy’s
global resistance rate was 8% of the 2000 reported
cases. Of these cases, 74 were resistant to rifampin,
87 to dapsone, and 21 to ofloxacin [5]. Twenty patients
were resistant to the multidrug rifampin and dapsone,
and four patients resistant to the multidrug ofloxacin
and dapsone in Brazil, India, and Indonesia [5].

(MH), is a chronic

A notable characteristic of most relapsing
or reactivation leprosy cases is the presence of
granulomatous infiltration regardless of treatment,
indicating drug resistance. One possible solution to
counter the resistance is drug combinations which
may also reduce the rate of recurrence, increase
the bactericidal effect, and exert anti-inflammatory
effects on leprosy [6]. In various studies, statins have
several pleiotropic effects, such as potential bacterial
growth inhibitors [7], [8], [9], [10], augmentation of
other bactericidal drugs [11], and anti-inflammatory
effects [12], [13], [14], [15], [16], [17].
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This article aims to provide a comprehensive
insight to the link between lipid and leprosy, as well as
a more in-depth discussion of statins’ role in leprosy
treatment, focusing their benefits on enhancing
the mycobactericidal effects of rifampicin and its
potential as an anti-inflammatory for various leprosy
inflammatory pathways. Hopefully, this review will lead
to further research into the investigation of statins as a
therapeutic adjuvant in the leprosy program.

Methods

This narrative review was arranged in
December 2020 by searching the 20 years of sources
(due to limited literature) regarding more effective
leprosy treatment using the PubMed, EBSCOhost,
and Google Scholar databases journal to manual
hand searching through references in articles in a
snowball manner. We used the keywords combination
“body-lipids,” “immunomodulation,” “pathogenesis,”
“leprosy,” “lipids,” “Mycobacterium leprae,” “rifampin,”
and “statins” using Booleans AND/OR/NOT, as well as
asterisk, parentheses, and quotation marks to enhance
specificity and sensitivity.

We obtained 448 hits in PubMed, and 140
appears in EBSCO, which were screened for abstracts
and titles using inclusion criteria: Articles in the form of
original articles with evidence levels 1-5, published in
English, correlated with writing papers to discuss lipid
relationships, leprosy, and statins, and in publications in
the past 20 years. Due to the limited number of studies,
the authors decided the inclusion criteria should not be
too strict concerning publication time, level of evidence,
and study design. The article was excluded if it is a
double, its publication is older than 2000, only discuss
tuberculosis-type mycobacteria without leprosy, and
is not related to the topic. At the end of the selection
process, 15 articles were reviewed and assessed for
validity, importance, and applicability aspect using
the checklist of appraisal from the Joanna Briggs
Institute, University of Adelaide 2017 [18]. Our findings
are summarized in a table which notes the evidence
level based on the Oxford Center for Evidence-Based
Medicine [19].

We investigated (1) the role of lipids in leprosy,
(2) leprosy immunopathogenesis related to lipid
bodies, (3) leprosy treatment challenges, (4) benefits of
statins in leprosy by several mechanisms, and (5) the
pharmacology aspect of statin on co-administration
with MDT. Supporting literature was also searched
manually with various relevant keywords without limiting
publication year. From the collection of obtained articles
and references, a comprehensive literature review is
synthesized.

Results

Through our systematic approach to obtain the
literatures, most of the studies are considered valid,
necessary, and applicable to this review even though
we assessed the level of evidence of which mainly
in low-level evidence (ranging from 4 to 5) due to no
available systematic review or meta-analysis yet [18].
The evidence we collected are published in the year
2000 to 2020 and comprised of seven cross-sectional
studies and two case series with the level of evidence
4, three experimental studies in vivo, and three bench
types of research with evidence level in the low position
[19]. However, the outcomes which described in all
studies are essential and opens a new perspective of
leprosy treatment by lipids control.

The result of the studies has been sum up in
Table 1. Among the 15 studies, we summarize that
the main topics discussed related to lipid and leprosy
include: (1) Serumlipid profile alterationsinleprosyin six
studies[20],[21],[22],[25],[27],[28](2); lipid metabolism
in leprosy and role of their metabolites [23], [24], [32];
(3) lipid body formation and immunopathogenesis
[10], [30], [31]; (4) lipid related to oxidative stress in
leprosy [26]; and (5) the impact of statin in leprosy
treatment regarding evidence of lipid involvement in
the immunopathogenesis of leprosy [11]. We found
some correlations; lipid metabolism and formation
of lipid body or lipid droplet (LB) may also reflect
on changes to overall blood lipid profile, and more
severe variants of leprosy manifestation show the
most changes to lipid metabolism. However, some
studies show inconsistent data about changes in
serum profile regarding types of leprosy. The lipid
metabolism and lipid body formations may be related
to the overproduction of stressful oxidative agents
which more are prone to cause inflammation. Statins
can potentially solve all lipid roles in the pathogenesis
of MH as lipid-lowering agent and anti-inflammation as
a pleiotropic effect.

Discussion

The role of lipid in leprosy infection

Five most apparent facts elucidated by the
obtained studies are: Alterations of serum lipid profile
in leprosy patients [20], [21], [22], [25], [27], [28], lipid
metabolism and its metabolites [23], [24], [32], lipid bodies
formation [10], [30], [31], and oxidative stress result from
lipid metabolism enhanced by MH is proportional to the
severity of the infection and the survival of M. leprae
itself [26]. Furthermore, interestingly statin found has
benefit in leprosy treatment regarding lipid involvement
in the immunopathogenesis of leprosy [11].
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Table 1: Summary findings of studies related between leprosy and lipid metabolism

Authors, Year Study design

LoE Outcome measured

Details of methods

Sample size

Finding related lipid metabolism in leprosy

Lemes et al., Cross-sectional 4 HDL composition and Sample from control, 39 samples: 12 HDL lower in pre-MDT MB leprosy compared to control group
2020 [20] biological activities from MB, and PB patients controls; MB leprosy (p=0.0001) and significantly higher in post-MDT compared to pre-
PB and MB leprosy that has and has not  patients (8 pre-MDT MDT MB leprosy. Overall MB leprosy patients show lower level of
patient before and after gone through MDT and 6 post-MDT); PB HDL-cholesterol
MDT is tested for plasma  leprosy patients (6 pre  HDL in MB pre-MDT patients impaired in function compared to control
Cho profile MDT and 7 post-MDT); as anti-oxidative stress, anti-inflammatory, and a lower cholesterol
plus one sample from  acceptor capacity (p < 0.05)
liver tissue of MB MB pre-MDT patients showed lower concentrations of ApoA-1 (major
leprosy HDL protein), compared to control (p < 0.0001) and to post-MDT
recovery (p < 0.001).
Hepatic involvement in leprosy is indicated by observed bacilli in the
liver of a MB patient
Silva DSD Cross-sectional 4 Lipid-like clot formed in Plasma samples are 638 leprosy patients Among 638 patients, 35 patients (5.48%) are found having lipid-like
etal, leprosy patients taken and analyzed  and generated clots clot (leprosum clot), 16 of which (45.7%) is LL pole. Leprosum clot is
2018 [21] for the presence from 6 patients commonly correlated with the MB pole (p < 0.0001).
of clots uninfected by Leprosum clot had significantly higher lipid content (p < 0.0001)
Mycobacterium leprae  compared to control; and present ten-fold more ChoE and TGL than
as control control clots
MB leprosy has low levels of serum total Cho and HDL, while TGL, LDL
and VLDL were normal
Sarwar et al.,, Cross-sectional 4 Lipid profile in MB and  Measurement of Newly diagnosed LDL, total Cho, and TGL was significantly decreased in both PB and MB
2016 [22] PB leprosy patients total Cho, LDL, HDL, leprosy patients patients (p < 0.05)
and TGL (24 MB and 18 PB), HDL significantly increased (p < 0.05) in both MB and PB patients
plus 30 controls HDL in patients is increased might be due to host response to fix
impaired innate immune response through role of oxidative stress
scavenger molecules
Amaral et al., Cross-sectional 4 Level of metabolites Analysis and profiling 29 LL patients, 29 BT PUFA metabolism is highly affected in leprosy, namely omega-3 and
2013 [23] present in leprosy serum metabolomic  patients, 10 controls omega-6 FA, suppressing inflammation
patients before and of leprosy patients Analysis of highly infected skin lesions revealed changes on the levels
after MDT before and after of lipids derived from lipase activity, such as PUFA, indicating high lipid
complete MDT turnover. No statistical significance was found (p > 0.05).
Comments: Lack of statistical significance may be due to low sample
size
Al-Mubarak  Cross-sectional 4 Serum metabolomics in 50 pL from each 23 Patients serum, Significant increases in n-3 PUFAs (EPA and DHA), and the n-6 PUFAAA
etal., LL patients serum sample was comprising: with Bl <1 in the high-BlI patients with the median values of EPA (2.6-fold increase),
2011 [24] taken to analyzed (10 patients) and Bl > DHA (1.6-fold increase), and AA (2-fold increase), were found to be greater
by UPLC-MS to 4 (13 patients) in patients with high-Bl compared to the low-Bl patients
measure primary EPA and DHA have anti-inflammatory properties, while AA has both pro-
metabolomic EPA, and anti-inflammatory activities. The increase of several lipids in high-Bl
DHA, and AA patients may imply the biological pathways
These PUFAs could serve as biomarkers, useful for infection
susceptibility evaluation, early diagnosis, and as monitor for disease
progression
Nwosu et al., Cross-sectional 4 Total Cho and TGL from Leprosy patients are  Unclear, only stated 30 There is significant difference in total Cho (p < 0.05) and TGL (p < 0.005)
2001 [25] blood samples given questionnaire  control subjects between leprosy group. TGL diminishes in spectrum of LL>BL>TT
to determine dietary Comments: Little of the samples or the result can be inferred from it.
habits and blood
samples were taken.
Bhadwat Cross-sectional 4 Plasma MDA as a Blood samples are 70 leprosy patients MDA was lowest (3.225 + 0.24) in TT cases and highest (4.516 +
etal., biochemical marker of  taken to analyzed including 18 of LL, 16 0.54) in LL cases indicating increased lipid peroxidation in LL due
2000 [26] lipid peroxidation and Inclusion Criteria: of BL, 10 of BB, 14 to high rate of ROI, meanwhile scavenging activity by antioxidant is
activity of SOD Diagnosed with of BTand 12 of TT not adequate. Also it can be caused by cell-mediated immunity in TT
leprosy clinically patients. stronger than LL
and bacterially, age  Also 15 normal The reverse is true for SOD activity level, highest in TT (34.05 + 2.46
31-40 y.o. Control subjects as a control units/mg Hb) and lowest (25.84 + 5.67 units/mg Hb) in LL. Erythrocyte
group must not be groups SOD is an important catalytic protein which specifically scavenges
on any drugs superoxide radicals and become one of the major antioxidant enzyme.
Exclusion criteria: In LL level of SOD weaker than TT
smoking, RA, The mean ratio of MDA/SOD was lowest in TT (0.095) while it was
DM, concomitant highest (0.185) in LL (p < 0.001). Results points to an increase in
bacterial infections oxidative stress particularly in LL cases.
Comments: This studies implies correlation of lipid peroxidation,
antioxidant level (e.g HDL), and leprosy related stress oxidative
especially in LL
Silva et al., Case series 4 Lipid profile and CVD Data which taken 84 adults, ranging in On PB and MB leprosy respectively:
2017 [27] outcomes in leprosy from PB and MB age 20 — 60 y.o with Mean LDL (mg/dL) was 116.9 and 121
patients during leprosy patients after  PB and MB leprosy Male HDL was 51.7 and 52.8
treatment undergoing MDT: after treatment Female HDL was 50.2 and 53.5
Socio-demographic Total Cho was 193.8 and 203.5
data, anthropometry, TGL was 123.4 and 147.4
food intake, and lipid Comments:
profile This study excluded patients diagnosed with dyslipidemia before
Inclusion criteria: leprosy
Completed MDT 2 — The risk of leprosy patients developing CVD was low after treatment
5 years ago; follow considering the lipid profile might be due to use of lipid in ML infection
up regularly massively as a carbon source to survive
Exclusion criteria: However, a lot of patients are grouped to be high risk for CVD due
Not match with age; to excess weight, so it is essential to implement healthy lifestyle in
incomplete data; has leprosy patients
DM, HIV, recurrent
or reactional state of
leprosy, diagnosed
dyslipidemia before
leprosy; use of
corticosteroid
(Contd...)
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Table 1: (Continued)

Authors, Year Study design

LoE Outcome measured

Details of methods

Sample size

Finding related lipid metabolism in leprosy

Gupta et al.,
2002 [28]

Miyamoto Y
etal.,
2016 [29]

Lobato et al.,
2014 [11]

Mattos et al.,
2010 [30]

Mattos et al.,
2014 [10]

Mattos et al.,
2011 [31]

Cruz et al.,
2008 [32]

Case-series 4

Experimental 5
in vivo

Experimental 5
in vivo

Experimental 5
in vivo

Bench research 5

Bench research 5

Bench research 5

Total cholesterol,
LDL, VDL, HDL,
chylomicrons

Intracellular metabolite
in ML infected mice by
CE-MS analysis

Effect of rifampin with

atorvastatin in bacterial
viability and cholesterol
profile in infected mice

LB in macrophages and

possible mechanism to
its formation

Level of LDL receptors
expression and
enzymes for Cho
biosynthesis in
lepromatous tissues

Parameters of
biogenesis in LB
formation by ML in SC
and how it contributes
to the innate immune
response

Lipid metabolism profile

in leprosy

Study group

are tested for
leprosy clinically,
bacteriologically,

and immunologically.
After grouping, 5 ml
of blood is drawn and
analyzed for Cho
content

ML strain is injected
to nude mice footpad
and their metabolite
profile is identified,
then compared with
M. bovis culture
Mice are divided into
6 groups: (1) control;
(2) treated by 40
mg/kg atorvastatin;
(3) treated by 80 mg/
kg atorvastatin; (4)
treated by 10 mg/kg
rifampin; (5) treated
by 1

mg/kg rifampin; and
(6) treated by 1
mg/kg rifampin plus
80 mg/kg atorvastatin.
Macrophages

are obtained

from infected and
uninfected mice,
which are evaluated
using microscope,
FACS cytometry,
and IHC analysis of
ADRP

Using PCR,
fluorescence, TEM,
bacterial viability kit,
and flow-cytometry
to investigate

lipid accumulation

in ML-infected
tissues; intracellular
Cho sources in
macrophages;
SREBP expression;
level of LDL receptor;
LB in macrophages;
and viability of ML
Nerve biopsy
samples, strain
from infected mice
footpads, and
Schwann cell cultures
are examined with
IHC analysis and LB
staining.

Examination of host
gene expression
across the disease
spectrum

50 untreated leprosy
cases: 21 cases of BT,
12 of BB, 7 of BL, 9 of
LL, and 1 case of TT
leprosy

Three mice infected
with ML and three
uninfected mice.

6 groups of mice with
unclear number of
mice included

C57BL/6J mice with
unclear of number and
four skin biopsies of LL
patients

Skin biopsies of 6
LL patients and 4 BT
patients, not stated
clearly number of
sample

Nerve biopsy
specimens from LL
patients, SC cultures,
and C57BL/6 mice
with unclear number of
samples

Skin biopsies of
leprosy patients, not
stated clearly number
of sample

The serum TGL is lower in TT, no changes in BT or BB, and not
significantly increased in BL and LL patients

The total Cho is lower in TT increased and decreased in BB, BT, BL,
and LL cases significantly

VLDL is raised in LL leprosy significantly, not significantly in BB cases,
and in normal value in TT, BT, and BL patients

HDL is decreased significantly in BT and LL cases and insignificantly
decrease in BL, within normal in TT and BB

Comments: No correlation is drawn in this study between lipid fractions
and the type of leprosy. The result in this study seems like not consistent
with other studies

There are 193 ML-derived metabolites; 84 of which are common to ML
and M. bovis, and 22 of them have 10-fold difference in mean ratio
Central carbon metabolism of ML markedly decreased, suggesting
certain metabolic characteristic to carbon that is unique to ML
Comments: In this study the role of lipid is unclear, only mention role of
carbon as a part of lipid chains

Statin reduce (75%) intracelullar mycobacterial viability but does not
alter mycobacterial invasion

High dose of atorvastatin alone (80 mg/kg/day) was effectively reduced
ML replication and only this high dose showed significant decreased of
plasma Cho levels compared to control

Atrovastatin or simvastatin synergizes with rifampin for its antibacterial
effect and reduced plasma Cho compared to rifampin alone (p < 0.01).
The inhibition of Cho de novo synthesis which essential for cell wall

of mycobacteria might kill them by carbon deprivation and make them
more vulnerable to rifampin

Both Cho and ChoE were found higher in LL skin biopsies compared
to control (p < 0.05). It can be concluded that ML infection triggers a
modulatory response to Cho homeostasis, leading to its intracellular
accumulation as LB, enriched witj free Cho and ChoE

LB formation per macrophages are found to be significantly higher in
infected murine and human ML-infected (p < 0.05)

Several host genes: ADRP, CD36, and selective lipid receptor (TLR2,
TLRG, and cytoskeleton), are up regulated which are essential for lipid
metabolism and LB formation by ML-infected cells

ML can induce the formation of LB in infected macrophages

Cho is one of the host lipid molecules that is higher in ML-infected
macrophages, but FA and TGL are higher in uninfected cells
Expression of LDL receptors and enzymes involved in biosynthesis of
Cho was higher in LL tissues compared to BT lesions

SREBP transcriptional factors as a key regulator of Cho biosynthesis
and uptake of cellular Cho were also found to be higher in LL tissues
Macrophages infected by ML synthesize Cho with higher capacity and
sequester exogenous LDL

Both Cho de novo synthesis inhibition by statins and depletion of
exogenous Cho was found to reduce intracellular survival of ML
There is significantly higher ADRP expression in LL compared to BT
samples

The induction of LB formation in SC requires the uptake of live ML in
manner depend on dose and time in level of multiplicity of infection of
50 after 24 — 48 h

TLR6 has more critical role than TLR2 to induce LD formation in SC
ML-induced LB biogenesis associated with high PGE2 and IL-10
secretion, and decreased number of IL-12 and NO production in
ML-infected SC

Fatty acid synthase inhibitor C-75 nullifies the effect of ML on
immunoinflammatory mediators production, thus enhancing the anti-
mycobacterial ability of SC

To survive, ML evade the host’'s immune system and uses the host's
metabolic pathways to obtain necessary nutrients, which includes lipid
(FA and phospholipids)

In LL lesions, it is preferred host lipid metabolism genes such as a group
of phospholipases (host-derived oxidized phospholipids and one specific
oxidized phospholipid PEIPC

Lipid metabolism accounts for 11% of the upregulated gene in LL
lesions, 4-fold more sizeable than TT. Lipid metabolism is significantly
higher than protein metabolism in LL lesions, and the reverse is true for
TT lesions

Mycobacterial inhibits innate immune responses using the
accumulated host-derived oxidized phospholipids. HDL enhances
immune response instead as a scavenger of oxidized phospholipids.
However, HDL from LL patients was found less functional compared to
that of TT patients

AA: Arachidonic acid, ADRP: Adipose differentiation-related protein, ApoA-1: Apolipoprotein A-l, BB: Borderline borderline, BI: Bacterial index, BT: Borderline tuberculoid, BL: Borderline lepromatous, CD36: Cluster of
differentiation 36 gene, CE-MS: Capillary electrophoresis-mass spectrometry, Cho: Cholesterol, ChoE: Cholesterol ester, CVD: Cardiovascular disease, DHA: Docosahexaenoic acid, DM: Diabetes mellitus,

EPA: Eicosapentaenoic acid, FA: Fatty acids, FACS: Fluorescence-activated cell sorting, HDL: High-density lipoprotein, HIV: Human immunodeficiency virusm, IHC: Immunohistochemistry, IL: Interleukin, LB: Lipid bodies
also known as lipid droplets, LDL: Low-density lipoproteins, LL: Lepromatous leprosy, LoE: Level of evidence, M. bovis: Mycobacterium bovis, MB: Multibacillary leprosy, MDA: Malondialdehyde, MDT: Multidrug therapy,
ML: Mycobacterium leprae, NO: Nitric oxide, PB: Paucibacillary leprosy, PCR: Polymerase chain reaction, PEIPC: 1-Palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycerol-3-phosphorylcholine, PGE2: Prostaglandin E2,
PUFA: Polyunsaturated fatty acids, RA: Rheumatoid arthritis, ROI: Reactive oxygen intermediates, SC: Schwann cells, SOD: Superoxide dismutase, SREBP: Sterol regulatory element-binding proteins, TEM: Transmission
electron microscopy, TGL: Triglycerides, TLR: Toll-like receptors, TT: Tuberculoid leprosy, UPLC-MS: Ultrahigh pressure liquid chromatography mass spectrometry, VLDL: Very low-density lipoproteins.
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Related to serum lipid profile in leprosy, a study
from Sarwar et al. [22] found decreased total cholesterol,
low-density lipoproteins (LDL), and triglyceride as well
as an increased high-density lipoproteins (HDL) on
newly diagnosed multibacillary (MB) and paucibacillary
(PB) leprosy patients. A Study from Lemes et al. [20]
compares HDL serum level between pre- and post-MDT
treatment. The result shows lower HDL level in pre-MDT
MB leprosy than the control group. Conversely, higher
level of HDL was observed in post-MDT MB leprosy
than on standard control. They also observed lower
expression of apolipoprotein A-1 (ApoA-1) in pre-MDT
MB leprosy compared to health control. Changes
expression of ApoA-1 also found in M. leprae infected
hepatic cells compared to non-infected, possibly due to
the improvement of immune response and increased
production of HDL that scavenge oxidative stress.
Interestingly though, HDL from MB pre-MDT patients
showed dysfunction, having their anti-inflammatory
and anti-oxidative stress properties impaired, and their
cholesterol acceptor capacity reduced [20].

Previous study from Cruz et al. [32] also shows
HDL dysfunction in both LL and tuberculoid leprosy
(TT), although the dysfunction is more apparent with the
former. The dysfunction leads to reduction of dendritic cell
differentiation instead of its promotion, thus increasing
bacterial survivability. A study of Nwosu et al. [25]
showed that total cholesterol and triglyceride among
leprosy groups were significantly different, specifically
in triglycerides decreasing in the spectrum of LL >
borderline lepromatous (BL) > TT [25]. Meanwhile,
study of Gupta et al. found an inconsistent lipid profile
among leprosy groups and no correlations between lipids
fractions and the type of leprosy [28]. The mechanism
behind the changes of serum lipid profile is due to
the usage of host lipids for virulence and growth of M.
leprae. Interestingly, this lipid profile is also related with
cardiovascular disease (CVD) risk in leprosy patients.
Silva DSD et al. on their study mentioned that leprosum
lipid-like clot contains higher levels of lipid, ten-fold more
cholesterol esters, and triglycerides in line with a lower
total serum of cholesterol and HDL; meanwhile, other lipid
profiles are standard. Leprosum clot is formed by several
mechanisms, such as (1) induction of antiphospholipid
antibodies by M. leprae, (2) activation of anaphylatoxins
(complement C4), and (3) induction of inter-alpha-trypsin
inhibitor family heavy chain-related protein, all of which are
associated with vascular abnormalities and procoagulant
exacerbation [21]. On the other hand, Silva et al. [27]
came to a different result, in that alteration in lipid profile
of leprosy patients is not correlated to CVD risk.

Changes in serum lipids are possibly related to
lipid metabolism and its metabolites which also occurs
in leprosy infection. Regarding lipid metabolism, carbon
chain and M. leprae-derived metabolites decreases in
leprosy, according to the study of Miyamoto et al. [29]
This study also revealed that not only carbon chains,
amino acids were also affected. A study by Cruz et al.

[32] concludes that to survive, M. leprae impairs the host
immune system and reach host lipid metabolic pathways
such as a group of phospholipases and upregulated
lipid metabolism in LL, which is greater than TT. In
addition, similar results were found when examining
host gene expression across different leprosy spectrum;
lipid metabolism is higher than protein metabolism in
lepromatous cases but lower in tuberculoid cases. These
findings indicate that the more severe variants of leprosy
manifestation show the most changes to lipid metabolism.
Further related to lipid metabolites, a study from Amaral et
al. [23] shows that polyunsaturated fatty acids (PUFA) is
the most affected in leprosy (omega-3 and omega-6 fatty
acids), which has a role in suppressing inflammation even
though there is no statistical significance. Meanwhile,
Al Mubarak et al. [24] shows that n-3 PUFAs, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), as well as n-6 PUFA, that s, arachidonic acid (AA),
are increased significantly in cases with high bacterial
index (BI), such as with MB patients. Compared to low-BlI
patients, EPA increases 2.6-fold, DHA increases 1.6-
fold, and AA increases 2-fold, in high-BI patients. This
study also shows that PUFA holds potential as a serum
metabolomic marker in LL for susceptibility to infection,
diagnosis, and progression of the disease. It is discussed
that promotion of anti-inflammatory lipids such as DHA,
protectin D1, and EPA may enable M. leprae to thrive
with little interference by the host’'s immune response.
At the same time, interaction of pro-inflammatory
eicosanoids and M. marinum and M. tuberculosis posits
that the pathogen’s survival and capacity to multiply are
reinforced by the presence of these eicosanoids. This
interaction is mainly found in the early stages [23], [24].

Lipids metabolized by M. leprae are made
available through the formation of LBs which accumulate
in a larger structure into lipid bodies. The study by
Mattos et al. [30] revealed that the LB formation is
higher in macrophages M. leprae-infected; and several
genes play a role in lipid metabolism and LB formation,
such as adipose differentiation-related protein (ADRP),
cluster of differentiation 36 gene (CD36), toll like
receptors 6 (TLR6) in higher expression than TLR2. It
turns out that LB are found more abundant in infected
cells with dependence on dose and time, as revealed
in the study by Mattos et al. [31] On Schwann cells,
as predilection for leprosy primary cells, it was found
that LB is more abundant in highly infected cells within
24-48 h, and the biogenesis of LB is associated with
Prostaglandin E2 (PGE2) and Interleukin 10 (IL-10).
LB is also manifest in greater number in the more
severe spectrum of leprosy. In nutritional recruitment
and formation of LB, there is a role for LDL receptors,
a key regulator of cholesterol biosynthesis, that is.,
sterol regulatory element-binding proteins, and uptake
capacity of cellular cholesterol, which turns out to be
higher in LL tissues [10], [30]. Another notable finding
is that these changes to lipid metabolism appear
to be more prominent in lepromatous patients than
tuberculoid, as shown by Mattos et al. [10] whose study
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indicates that LDL receptor expression, as well as key
regulators of cholesterol biosynthesis is found to be
higher in LL compared to in BT.

Lipids, especially cholesterol, are used as an
energy source and a resource for mycobacterial lipid
synthesis. Thus, lesions with more mycobacterium,
such as in LL, would require more of the host’s
lipids. In addition, LB is required to be formed before
mycobacterium species enters a dormant state. Aside
from resource provision, it appears that cholesterol
deposits also protect mycobacterium from antibacterial
agents by reducing its permeability. In addition,
cholesterol accumulation can be found in entry sites
of M. leprae to macrophages, indicating its function to
ensure survival within macrophages. The accumulated
cholesterol recruits coronin-1A, which in turn prevents
the fusion of phagosome and lysosome [10], [30], [31].

In its pathogenesis, the overall lipid metabolism
in M. leprae infection causes oxidative stress to
increase, especially in MB patients. A vital tangent to
eradicating M. leprae involving the macrophages was
brought by Bhadwat et al. [26] whose study shows that
the oxidative stress marker (MDA) is present higher in
LL cases compared to TT, and the opposite is true for
SOD activity. This correlates with lipid peroxidation and
dysfunction of macrophages associated with low SOD
and higher MDA. Overall, the two processes would
promote the growth of M. leprae within the host.

Thus, one may hypothesize that if plasma lipid
metabolism was changed, then attempts to correct
the lipid profile might be beneficial in treating leprosy
patients. Lobato et al. [11] experimented with leprosy-
infected mice treated with rifampin and with or without
atorvastatin. The result shows that statin appears to
reduce mycobacterial viability and overall synergizes
with rifampin for its antibacterial effect.

Unique features of macrophage lipid
bodies and their implications in the pathogenesis

of leprosy

As already discussed in the previous discussion
of lipid bodies, when macrophages capture, ingest and
destroy leprosy bacilli in phagosomes, simultaneously
there is also the formation of lipid-rich organelles called
LB and accumulate to form foamy macrophages [33].
LB are formed from the host lipid substrate in the form
of droplets surrounding M. leprae with the composition
of sterol esters and triacylglycerols [34]. Surrounding it,
there is a hemimembrane layer of phospholipids and
proteins with various biological functions [35]. LB-specific
structural proteins, namely, the PAT family (Peripilin,
ADRP, and TIP47) are the peripheral structures of the
LB walls. These protein participate in the regulation of
intracellular lipid metabolism [36], [37] in conjunction
with lipid metabolism enzymes, membrane trafficking
protein Rab family (regulator of vesicular traffic and
organelle interactions), reticulum endoplasm (RE)
protein, and molecular chaperones [38], [39]. Capsules
or lipid layers in LB contain mycoserosoic acid from
phthiocerol dimycocerosates (PDIM) and phenolic
glycolipids [34]. Lipid phenolic glycolipid-1 (PGL-1)
was also dominant in the cell wall of M. leprae, which
provides immunological specificity in its interaction with
Schwann’s laminin cells and stimulation of suppressor
T cells in LL [31], [40].

Biogenesis of LB in macrophages, as illustrated
in Figure 1, starts with introducing microbes by TLR2
and 6 (in Schwann cells only TLR6), which makes them
associated with macrophages, triggering phagocytosis,
and the formation of LBs [31], [40]. Then, the infected
macrophages produce reactive oxygen species (ROS)
and oxidize LDL to subsequently bind to surface-
amplified receptors in the macrophage nucleus to
increase uptake of oxidized fatty acids from host cells.
M. leprae in the phagosome will attract LBs to form LB
and eventually enter a dormant and resistant period.
Furthermore, infected macrophages will react positively
to ADRP so that M. leprae can strengthen the edges of
its cell walls [40].

B lguwme Phagocytosed
lipids
TLR & - & ‘7/ Y Lot /
L ® ¢ -
y e /
v ’ /
Mnkrol‘ag / -\ f
ROS T - e . Lipid Q & e Q
M. Ie rae 0X- odies
bﬁﬂil{; ApoB100 l / droplets
i i \_/ Lipid dmpllels
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Figure 1: Proposed model for the induction of lipid body biogenesis in macrophages by M. leprae. Lipid body biogenesis begins with introducing
microbes by TLR2 and TLR6 (in Schwann cells only TLR6), which triggers phagocytosis and the formation of lipid droplets. The binding of M.
leprae by TLR2 and TLR6, which heterodimerize, allows leprosy to produce subsequent lipid droplets. Infected macrophages produce ROS
and oxidize LDL to form OxLDL. Furthermore, OxLDL binds to the receptor type 1 scavenger CD36 and LOX1, resulting in amplification of
the macrophage nucleus’s surface receptor expression to increase OxLDL uptake from host cells. M. leprae in the phagosome will attract
lipid droplets to form LB and eventually enter a period of dormancy and resistance [40]. ApoB100: Apolipoprotein B100, LDL: Low-density
lipoprotein, OxLDL: Oxidized LDL, TLR: Toll-like receptor, LOX1: Oxidized LDL receptor-1
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The lipid body role in leprosy’s pathogenesis is
quite significant because LB stores AA, which acts as a
substrate for forming intracellular second messenger to
activate host cells in a series of inflammatory reactions.
Excessive inflammatory response in leprosy becomes
a problem of discomfort, primarily when it manifests on
the patient’s skin. Eicosanoids in LB also contributes
to the survival mechanism of intracellular bacteria in
host cells by increasing the concentration of PGE2 in
macrophages as an inhibitor of the T-helper 1 (Th1)
type immune response and the production of nitric oxide
(NO) free radicals, thus creating a suitable environment
for the growth of M. leprae [40].

In addition, LB’s lipid content can serve as a
source of carbon and nutrients for mycobacterium, which
allows its survival in cells. LB-phagosome interaction is
considered as a strategy for M. leprae to access host lipids
during infection [31]. LB organelles can also facilitate
the delivery of other nutrients into the phagosome, such
as iron and mycobactin (lipophilic siderophores from
mycobacterium); their availability is guaranteed and
promotes the growth of leprosy bacilli [31].

The presence and importance of LB in the
mycobacterium group make it an attractive target for
new drug recommendations in leprosy’s treatment.
Another promising target for inhibition is the esterase-
secreting cell wall utilizing and degrading host fat cells
such as Rv0183 and LipY [41]. Future studies focusing
on the lipid metabolism of M. leprae, which is regulated
by host lipid metabolism genes during infection, is
crucial because M. leprae is highly dependent on the
availability of lipids from its host cells [32].

Current leprosy treatment challenges

In 1981, the World Health Organization (WHO)
introduced MDT, namely, rifampin, clofazimine, and
dapsone, as first-line drugs to treat MH [4], [42]. Patients
take this combination of prescriptions every month
under close supervision for 6-9 months in PB and
12-18 months in MB leprosy. Minocycline, ofloxacin,
and clarithromycin are second-line drugs. MDT s
beneficial for preventing resistance and reducing the
spread of infection. However, in a long treatment
period, low patient's compliance is still a problem. This
is particularly significant in regard with rifampin in the
MDT regimen; although it works as a potent bactericidal
agent, but heavily relies on consistent administration
to be effective [4], [5], [42]. In addition, patients who
received leprosy treatment for an inadequate amount
of time might actually suffer from worse inflammatory
reaction [43].

Another problem with MDT is its lack of ability
to eliminate the whole leprosy pathogens [4], [43], [44].
A study from the WHO involving populations who have
finished their MDT regiment and tested negative with
AFB smear found a risk of relapse of 0.77% for MB
and 1.07% for PB within 9 years. When referring to

person-years calculations, the figures are 0.02-0.8%
for MB and 0.65-3% for PB [44]. In 2015, out of 103
countries with relapsing leprosy, 46 countries reported
an average of 3039 cases of recurrence in the country.
In Indonesia in 2015, 526 of 20,160 cases of leprosy
were reported as recurrences [2]. Another study proved
that recurrence occurred in 39% of patients with
Bl = 4+ after taking routine MDT for 24 months, and
67% of patients who received MDT treatment [45].

Therelapse risk and resistance trend to rifampin
and dapsone associated with upregulation of the rpoB
and folP1 genes are also increasing [46]. Second-line
drugs are very good at coping with resistance but due
to the high cost, their use is severely limited [46]. Based
on previously presented statistical data, the authors
argue that new drugs are needed to be added to the
current MDT regimen. The authors found a variety of
literature that describes statins’ potential to help the
healing process of leprosy patients.

The role of statins in addressing the
challenges of leprosy treatment

Potential of statins as mycobactericidal agents

Various studies revealed that statins can serve
as an antibacterial agent [7], [8]. Two meta-analyses
have shown that statins can reduce the likelihood
of death in patients with infection (OR 0.71; 95% CI;
0.64-0.78) and pneumonia (OR 0.66; 95% CI; 0.55—
0.79) [7], [8]. Various studies have also confirmed the
inhibitory effects of Gram-positive and harmful bacteria’s
growth, both in vitro and in vivo, but the mechanism
is still unknown. It is suspected that the mechanism
of death in Gram-positive bacteria by statins is due
to inhibition of the bacterial mevalonic pathway in its
survival. Gram-negative bacteria are independent of
the mevalonic pathway but remain inhibited through an
unknown mechanism [7], [8], [9], [11].

Statins more specifically inhibit the growth of
M. leprae as it depends in intracellular lipid to survive.
The study of Mattos et al. [10] proved the role of lipids
in M. leprae through cell culture from LL skin lesion
biopsy using AIM-V medium and RPMI-1640-FCS
(Roswell Park Memorial Institute supplemented with
Fetal Calf Serum). Based on this study, the viability of
M. leprae in AIM-V liquid medium is reduced by 50%
when compared to its growth in the RPMI-1640-FCS
culture medium. The AIM-V medium is known to have
a composition of L-glutamine, streptomycin sulfate,
and gentamicin sulfate without cholesterol. In contrast,
the combination RPMI-1640 and FCS medium still
contains cholesterol and other compounds such as
glucose, phenol pH indicator, sodium chloride, sodium
bicarbonate, magnesium sulfate, disodium phosphate,
potassium chloride, and calcium nitrate [10], [47]. The
study showed that exogenous LDL lipids are required
at least partially for M. leprae to survive. In the human
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body, this phenomenon is supported by the behavior of
M. leprae, which can increase the de novo synthesis
of its host lipids, while macrophages infected with
M. leprae experience disruption of lipid homeostasis.
In in vitro experiments, M. leprae can increase the LDL
receptor excitability, which causes macrophages to
have a higher LDL cholesterol intake [10].

Through the accumulation of LB in
macrophages, M. leprae can also avoid several
components of the human immune system by inhibiting
phagosome and lysosome fusion. Furthermore,
pathogenic mycobacteria can use lipid membranes
to manipulate macrophages by recruiting permissive
macrophages and avoiding bactericidal macrophages
expressing inducible NO synthase (iNOS) [10], [11].
Mycobacteria avoid bactericidal macrophages using
lipid cell-surface-associated PDIM. PDIM lipids will
hide the pathogen-associated molecular pattern of
mycobacterium so that the TLR pathway cannot trigger
bactericidal macrophages call [30], [31], [48]. Finally,
M. leprae avoids the macrophage immune system by its
ability to escape from the phagosome through mediating
the secretion of early secretory antigenic target 6
(ESAT-6) which is also owned by M. tuberculosis [49].

Aside from its defense against macrophages,
M. leprae also inhibits the maturation pathway and
activation of dendritic cells by M. leprae PGL-1
expression, a unique ability that is not shared by all
mycobacterium (i.e., tuberculosis and bacille Calmette-
Guerin) [50], [51]. Besides, increased PGEZ2, which
suppresses gamma interferon (IFN-y) of M. leprae-
infected macrophages, PGL-1 can also polarize DC
to become the DC2 subset [50]. DC consists of two
subsets, namely, monocyte/spleen-derived DC1 cells,
which are lymphoid origin, and myeloid/plasmacytoid-
derived DC2 cells, which each encourage naive ThO
to differentiate into Th1 and Th2 with cytokine support.
DC1 cells express CD8a" and produce large amounts
of IL-12, which creates a conducive environment
for differentiation DC1 [52], [53], [54]. However, to
encourage Th1 differentiation, DC1 cells can still do
so without IL-12 [52], [53]. DC2 express CD11b and
produce very little IL-12 [54].

The immune-suppressing effect of the PGL-1 or
PGE2 molecule is dose-dependent and determines the
activation of DC activation or suppression. The balance
between activation and suppression of DC maturation
determines whether Th1 or Th2 type immunity will
respond to infected DC cells. The Th1 and Th2 immunity
is also associated with the clinical manifestations of
leprosy; tuberculoid leprosy will develop Th1 immunity
with a bacterial load that is usually little on skin lesions.
In contrast, lepromatous leprosy usually has a high
number of bacilli and spreads throughout the skin, and
is more dominated with Th2 [50].

Interestingly, statin appears to also aid
macrophage to attack mycobacteria by improving
phagosome maturation via inhibition of cholesterol

(squalene) and isoprenoid (geranylgeraniol) synthesis
in the host mevalonic pathway so that autophagy can
take place, as was also observed in M. tuberculosis
[10], [11], [55].

The benefits of stopping the lipid supply for the
survival of M. leprae have been demonstrated through
studies comparing the viability of M. leprae in monocytes
with various medium conditions: Presence/absence of
cholesterol; presence/absence of lovastatin; and the
presence/absence of a lovastatin drug vehicle [10]. The
study showed that lovastatin significantly reduced the
viability of M. leprae (p < 0.05) with mean fluorescence
intensity (MFI) of 58.9 £ 3 versus control MFI| of 84.5 +
2.7. The administration of a lovastatin vehicle alone does
not significantly impact the viability of M. leprae [10].
The mechanism of statins as mycobactericidal agents
is summarized in Figure 2.

Potential statins to increase the effectiveness
of rifampicin

In WHO MDT regiment for treating pauci- and
multi-bacillary leprosy, rifampicin (rifampin) is always
included [56]. Rifampicin works by inhibiting two of the
five subunits of the RNA polymerase enzyme in the
transcription process so in the end, RNA elongation
stops [57]. However, the effect of rifampin is deterred
by the lipid accumulation in the bacterial cell wall which
reduces its permeability. Statins, as anti-lipid drugs,
function to reduce body cholesterol. This will in turn
diminish the supply of cholesterol in the bacterial cell wall,
making M. leprae more sensitive to rifampin [58], [59].

Research in animal model by Lobato et al. [11]
shows that atorvastatin had a better adjuvant effect on
rifampin than simvastatin. Nonetheless, both individually
remained a good mycobactericidal agents in reducing
the viability of M. leprae significantly (p < 0.01).

Potential of statins as anti-inflammatory in
leprosy

Statins are used for their anti-inflammatory
effects in CVD and various infectious diseases such
as M. tuberculosis and M. leprae [12]. The anti-
inflammatory effect originates from the reduction
neutrophils and macrophages’ recruitment by increasing
the level of peroxisome proliferator-activated receptor
alpha (PPAR-a), which is an anti-inflammatory nuclear
receptor. In addition, statins, especially simvastatin,
can downregulate protein kinase C alpha (PKC-a)
signaling pathway in neutrophils and macrophages,
which stimulates PPAR-o to inhibit the inflammatory
response [12]. PKC-a is known to regulate a molecular
switch between transactivation and transrepression
activity of PPARa. This phenomenon was investigated
by Paumelle et al., in wild type mice that had PPAR-a
compare to a modified mice which did not have
PPAR-a. Simvastatin 50 mg/kg was able to reduce
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Figure 2: Proposed mechanism of statins as mycobactericidal agents through inhibition of the lipid body formation pathway. M. leprae requires lipids,
iron, carbohydrates, and other nutrients from the host in the formation of lipid bodies to make them dormant and resistant; statins as competitive
inhibitors of HMG-CoA reductase can stop mevalonate synthesis from the de novo lipid synthesis pathway of the host so that it will reduce lipid
intake. in leprosy, restores the ability of macrophages to autophagy and causes the mycobacterium to die [10], [11], [40], [48], [49], [50], [55].
ApoB100: Apolipoprotein B100, ESAT-6: Early secretory antigenic target 6, HMG-CoA: 3-Hydroxy-3-methylglutaryl coenzyme A, LDL: Low-
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neutrophil recruitment and swelling in the footpad of
wild type mice, but not in mice without PPAR-a and
the group that was given only the vehicle. The effect
of simvastatin is dose-dependent; the higher the dose,
the more significant the neutrophils’ decrease, and the
increased anti-inflammatory effectiveness [12].

M. leprae infection produces symptoms that
arise as an inflammatory reaction. In TT leprosy, the pro-
inflammatory Th17 cells become more dominant than
the T-regulator (Treg), which is immunosuppressive.
The target of recovery in chronic inflammation is to
create a higher proportion of Treg among T cells and
suppression of Th17. Statins were found to have the
ability to do both of these things [13]. This Treg/Th17
balance regulation is closely related to the complex
regulation of molecular proteins in Suppressor of
Cytokine Signaling (SOCS) monocytes as well as
signal transducer and activator of transcription (STAT).
Both play a role in the differentiation of helper T
cells from naive cells to develop into their functional
subtypes (including Th1, Th2, Th17, and Treg) that
depend on the cytokines they express [60]. SOCS
proteins regulate the transcription of several cytokines
and the expression of MHC Class Il and co-stimulatory
molecules [16]. The presence of SOCS1 and SOCS3
plays a role in regulating Th1/Th17 balance and Treg
integrity, as shown in Figure 3.

In @ more dominant Th1 immune response,
STAT1 activation will induce SOCS3 protein expression
to inhibit STAT3 activity, suppressing the development
of Th17 and Th1 to beget relatively higher amount in
equilibrium. On the other hand, SOCS3 can inhibit
Th1 when overexpressed by suppressing the IL-12-
mediated STAT4 activation pathway. Deletions of
SOCS3 are a double-edged sword, as it also increase
the production of IL-10 and transforming growth factor
beta (TGF-f), thereby also inhibiting Th1. It is different
when the Th17 immune response is more dominant,
then SOCS1 will be highly expressed and inhibits the
further development of Th1, which is mediated by IFN-y
so that Th17 will be relatively higher in the Th1/Th17
balance [60].

The differentiation of naive CD4" T cells into
Tregs will be triggered when specific cytokines and
proteins are present such as TGF-f§ and forkhead box
P3 (Foxp3"). In the Tregs environment, SOCS1 levels
will always be high and have a role in suppressing
inflammatory conditions mediated by STAT1, STAT3,
and STATS (high levels of cytokines IL-2, IL-6, and
IFN-y). Excessive activation of STAT5 can increase
Treg counts because STAT5 directly regulates Foxp3”
expression. Conversely, if the activation of STAT1 and
STAT3 is excessive, then Foxp3" expression will be lost
by an unknown mechanism and cause the production of
IFN-y and IL-17 to be high, respectively. Thus, SOCS1
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in Tregs acts as a “guardian” of the balance between
the number of Tregs and the Treg function [60].

Simvastatin is known to affect on SOCS and
STAT through the protein geranylgeranylation process
which regulates the balance between Th17 cells and
Foxp3" CD4" T cells differentiation as a marker of Treg
lineage [61]. Foxp3" expression can be increased by
simvastatin by inhibiting the protein geranylgeranylation
so that the induction of Treg increases [14], [61]. This
geranylgeranylation inhibition will induce upregulation of
SOCS3 expression and weakens Th17 cell differentiation
through reduction of pro-inflammatory interleukins
produced by Th17 such as IL-17, IL-21, and IL-22 [15],
[16]. SOCS3 also inhibits both STAT1 and STATS3,
though the inhibition is stronger and more specific to
STAT3. Statin’s induction effect is also present with
SOCS1 expression but weaker. SOCS1 is somewhat
more specific to STAT1 inhibition [16].

As a result of the induction of SOCS3, there
is an inhibition of STAT3 signaling and a decrease in
the formation of IL-6 and IL-23, both play a role in the
differentiation of Th17, accompanied by feedback on
increasing the differentiation of Foxp3® CD4" T cells
for induction of Treg regulation. Although it is clear
that inhibition of geranylgeranylation is an integral
part for SOCS3 expression upregulation, the entirety
of the upregulation mechanism remains unclear

[61]. STATS3 itself, if not inhibited, can cause Foxp3"
expression to downregulate. Thus, the inhibition of
protein geranylgeranylation is essential to decrease
the differentiation of pro-inflammatory Th17 cells and
increase Treg regulation for inflammatory balance [16].

In another way, simvastatin can inhibit the
differentiation of Th17 cells, which play an essential
role in the pathogenesis of other autoimmune and
inflammatory disease models through inhibition of
3-hydroxy-3-methyl-glutaric-coenzyme A (HMG-CoA)
reductase in the mevalonate pathway. This results in
reduced isoprenoid synthesis as a mediator in the path
of formation of inflammatory molecules [17], [61]. Several
studies have proved this phenomenon using lovastatin,
which was found to reduce the expression of different pro-
inflammatory molecules, including tumor necrosis factor-
alpha (TNF-a), IL-6, and iNOS [17], [61]. Atorvastatin has
also been shown to suppress the differentiation of pro-
inflammatory Th1 cells [61]. The various mechanisms of
inhibition of inflammation by statins are summarized in
Figure 3 [12], [13], [14], [15], [16], [50], [60], [61].

Anti-inflammatory effect of statin: From bench
to clinic

The Ridley-Jopling classification assesses the
clinical condition and immunity status of a patient by
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three primary forms of leprosy; TT, LL, and borderline
leprosy [62]. Regarding the inflammatory process, TT
leprosy patients usually have milder symptoms, as one
or more hypopigmented macules may be numb due to
the death of the underlying nerves. The lepromatous
type has more severe symptoms than the TT type and
is easily transmitted due to the high burden of the BI.
LL patients have many skin patches spread throughout
the body, accompanied by numbness and muscle
weakness. Apart from the skin, leprosy can also affect
the nose, kidneys, and male reproductive organs.
Meanwhile, the manifestation of borderline type leprosy
is between the two former types [62].

The immune response to inflammation
induced by M. leprae varies in the form of a type one or
two reaction to the immune response. This difference
in response is related to changes in the body’s
immune system. Type one reaction involves type IV
hypersensitivity, especially in TT leprosy [24]. The type
one reaction involves the Th-1 cell response, which
produces IFN-y and IL-2 [62]. There is also an increase
in TNF-o. and activation of CD4" cells and increased
macrophage activity. In addition to being responded to
by Th1, Th17 cells will also react to leprosy infection
by secreting IL-17A, IL-17, IL-21, and IL-22 [62]. This
will cause inflammation and tissue destruction of the
patient. Based on a literature review, statins are thought
to have an excellent anti-inflammatory effect and can
potentially prevent type | reactions in tuberculoid
leprosy by suppressing Th17. This hypothesis is based
on simvastatin’s effect in inhibiting the differentiation
of naive CD4" T cells into Th17 and reducing pro-
inflammatory interleukins’ secretion produced by those
cells such as IL-17, IL-21, and IL-22 [15], [16].

In contrast to TT, the LL leprosy immune
mechanism is a type two reaction involving a type Il
hypersensitivity mechanism due to deposition of
immune complexes, especially in the skin. The deposits
raise the level of TNF-o, and increase the number of
neutrophil infiltration, as occurs in LL leprosy [13].
Some studies show lovastatin in particular to be very
promising in reducing TNF-a. [17].

Study of pharmacology and safety of
statins on leprosy MDT administration

Rifampin is a potent inducer of CYP450
enzymes, especially CYP3A4 [63]. Administration
of rifampin and statins through the same enzyme
metabolic pathway can speed up statin elimination,
causing reduced effectiveness. Rifampin is also an
inhibitor of Organic Anion Transporter Protein B1/B3
(OATP1B1/OATP1B3), seemingly exacerbating statin
concentration reduction due to co-adminsitration [63].
Giving rifampin with simvastatin can reduce 94% of the
area under curve (AUC) for simvastatin with a similar
effect on lovastatin and 80% on atorvastatin due to the
shared metabolic pathway by CYP3A4. Although with a

lesser impact, AUC reduction also occurs in fluvastatin
by 50% and Pravastatin by 30% [63], [64]. However,
rifampicin does notaffectrosuvastatin pharmacokinetics,
and even increases AUC in pitavastatin, possibly due to
OATP1B1 rifampicin inhibition [63].

Although the presence of rifampin slightly
decreases statins’ cholesterol-lowering efficacy, the
statin dose-response curve is flattened, so that two-
thirds of the maximum response can be achieved with
only a quarter of the total dose. Therefore, the clinical
significance of the rifampin drug interaction as an inducer
of the metabolic enzyme CYP3A4 does not severely
impact the overall efficacy [64]. In addition, rifampin
is administered as MDT with dapsone or clofazimine,
whose interaction patterns decrease the metabolism of
statins, in contrast to rifampin [65], [66]. Should statin
viability become a concern, it is still possible to adjust
statin dose when giving MDT to reach optimal effect due
to some drug interaction between rifampin and statin
in the level of the liver metabolic pathway. However,
future research is needed to establish an optimal dose
of statin when co-administration as adjuvant therapy for
MDT of leprosy [63], [64].

At present, available data regarding the effect
of statin administration are minimal in leprosy patients,
most only exist in tuberculosis. Tuberculosis infection
has several immunopathogenesis similarities with
leprae, as they are both caused by mycobacterium
species, and current studies on tuberculosis cases
present statin as a promising therapeutic agent in two
publications by Tahir et al. [67] and Alffenaar et al. [68].
In vivo studies in mice also showed statin adjuvant
in MDT-TB shorten the treatment time and reduce
recurrence rates [55], [69].

Conclusion

Lipid metabolism holds a key role in the
immunopathogenesis of leprosy, so much so that the
patient’s lipid profile is significantly altered. As such,
denying M. leprae of its access to lipid could potentially
be a new therapeutic approach to support the current
MDT regiment. Statins have various properties that
can help cure leprosy more effectively through several
mechanisms regarding lipid metabolism involvement
in M. leprae infection. The inhibitory effect of statin
on mevalonate lipid synthesis can reduce the supply
of lipids for the survival of M. leprae, improve the
phagocytosis performance of macrophages, and
increase bacterial cell walls permeability to rifampin.
Statins also have an excellent anti-inflammatory effect
that may prevent type | reaction in tuberculoid leprosy
with Th17 suppression and prevent the type Il reaction
in lepromatous leprosy by decreasing TNF-o. These
properties synergize with the current MDR regiment.
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However, to date, research linking the effects of statins
to leprosy in humans is still limited, thus further research
is needed.
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