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Abstract

Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare autosomal dominant genetic disorder of accelerated aging
caused by a point mutation in LMNA gene coding for a nuclear protein Lamin A which maintains normal structure and
function of the nucleus. Mutated Lamin A protein undergoes a series of enzymatic modifications including farnesylation
and prenylation to form a toxic protein progerin that alters nuclear structure and function. HGPS disease begins in utero;
however, infants appear normal at birth with some features such as circumoral pallor. The expression of progerin is low
in undifferentiated cells which may account for the fewer symptoms of progeria. In about 9-12 months, the levels of
progerin in cells become high enough to produce nuclear structure abnormalities leading to cellular and molecular
damages characteristic of HGPS. The average age of these patients is 14.6 years. Some therapeutic agents were
developed by inhibiting a specific target, such as transcriptional activity, post-translation enzymatic steps, autophagy,
and oxidative stress. These agents were tested in experimental models of cells of progeria yielding a modest
improvements in phenotypes and slight extension of the lifespan of progeria patients. Since oxidative stress and chronic
inflammation are involved in pathogenesis of progeria, this review proposes that a combination of a mixture of
micronutrients with currently used therapeutic approaches may extend the life-span more than that produced by drug
therapy alone.
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1. Introduction

The word progeria is derived from Greek word “progeros” means prematurely old. A point mutation in a nuclear LMNA
gene, which codes for proteins lamin A and C, causes Hutchinson-Gilford progeria syndrome (HGPS, also called
progeria). Intermediate filament proteins lamin A and C provide shape and mechanical stability of cells by supporting
components of the nuclear envelop which surrounds the nucleus. They exhibit multiple functions including regulation
of gene expression, DNA replication, DNA damage and repair, telomere protection, chromatin organization, and cell
differentiation (1). Therefore, any defect in lamin protein could have serious consequences for the cells leading to
senescence and ultimately death.

Mutation in LMNA gene causes prelamin A to undergo several post-translational modifications which include
farnesylation by the farnesyltransferase (FTase), cleaving by metallopeptidase, and then carboxymethylation by the
enzyme isoprenylcysteine carboxyl methyltransferase (ICMT) leading to the formation of truncated toxic form of
protein called progerin which is irreversibly farnesylated and carboxyl methylated. Progerin accumulates in the nucleus
causing abnormal nuclear morphology (2, 3). HGPS disease processes begin in utero; however, infants with HGPS
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appeared normal at birth and have normal birth weight, but some features such as circumoral pallor, are present at
birth. This mild phenotype of the diseases may be due to the fact that the expression of progerin is low in
undifferentiated cells. In about 9-12 months, the levels of progerin in cells increase high enough to initiate changes in
nuclear morphology and associated metabolic abnormalities characteristics of HGPS as well as pathological and
behavior signs of accelerated aging, which is characterized by loss of hair, and subcutaneous fat, atherosclerosis,
myocardial infarction, and stroke. These changes lead to death at an average age of 14.6 years (4). HGPS is a rare
autosomal dominant genetic disorder affecting 1 in every 4-8 million children (5).

In patients with HGPS, function of some organs is markedly impaired. Damage to the skin and hair, including alopecia,
prominent superficial veins, and depigmentation are present before the age of 24 months (6). However, other organs
such as the brain and immune system are much less affected (7). The brain is protected in progeria patients, since
protein lamin A is not present in the brain at high levels. This is due to presence of miR-9, a brain specific microRNA,
which decreases the rate of translation of lamin A protein from its mRNA leading to a reduction in the levels of progerin

(8).

Increased expression of toxic protein progerin is also found in normal human cutaneous skin during aging (9). Low
levels of progerin were found in tissues and cells of younger humans. It was further shown that the levels of progerin in
the cells were not elevated during aging in the absence of shortening of telomeres. This implied a close relationship
between elevated progerin levels and telomere attrition during aging (10). The fibroblasts from normal subjects aged
81-96 years old showed nuclear abnormalities similar to those found in the fibroblasts from patients with HGPS. In
addition, the levels of heterochromatin, and heterochromatin protein (HP1) were decreased in both type of fibroblasts
from normal old humans and from HGPS victims; however, the level of reduction was more pronounced in the HGPS
fibroblasts than in the normally aged fibroblasts (11). This study also reported that DNA damage in the form of double-
strand breaks was high in fibroblasts from both aged individuals and patients with HGPS. These results suggest that
some mechanisms of normal aging and HGPS are similar. Production of progerin is a late event in normal aging
processes, however, in progeria patients, progerin is produced as an early event. Therefore, experimental models of
accelerated aging such as HGPS may not be useful for attenuating the rate of human normal aging.

Primary fibroblasts from HGPS patients has a reduced rate of proliferation and an enhancement of accelerated aging
phenotypes (12). In addition, impaired DNA repair mechanism (13), increased ROS production (14), mitochondrial
dysfunction (15), shortening of telomeres (16), and loss of peripheral chromatin were observed in these fibroblasts (17,
18).

Progerin impairs Nrf2 transcriptional activity by interfering its binding ability with ARE leading to decreased
antioxidant enzymes and detoxifying enzymes (19) resulting into increased oxidative stress. Oxidative stress and
chronic inflammation are closely linked. If oxidative damage is not repaired by products of acute inflammation, the
consequent chronic inflammation can release further free radicals, pro-inflammatory cytokines, and complement
proteins, all of which are toxic. Thus, increased oxidative stress and chronic inflammation may be targeted by
antioxidants to reduce the rate of aging in patients with progeria.

Endothelial dysfunction is the key factor in the development of atherosclerosis which is an important concomitant of
HGPS. Increased expression of progerin impairs human coronary endothelial cells in culture by increasing oxidative
stress and inflammation associated with DNA damage, increased cell cycle arrest protein, and cellular senescence.
Treatment HGPS cells with a combination of pravastatin and zoledronate, which inhibit prenylation, partly prevented
these defects (20).

The efficacy of new therapeutic agents has been tested in HGPS fibroblasts or mesenchymal cells in culture. In order to
develop these further it is essential to utilize animal models that can mimic the phenotypic features of accelerated aging
of human HGPS. These models include a homozygous mouse model ( LMNA G609G/G609G) which appears to mimic many
features of musculoskeletal and vascular alterations found in human HGPS . However this animal model does not
develop atherosclerosis that is considered most the life-threatening component of HGPS (21). In consequence, another
mouse model ( Apoe -/- LMNA 6609G/G609G ) 'which expressed progerin and exhibited premature aging associated with
accelerated atherosclerosis similar to those of human HGPS has been developed (22). In addition to mouse models, a
large animal model ( LMNAc.1824C>T) Youcatan minipig has been established. This model exhibits the main features
of human HGPS, such as production of progerin, retardation of growth, lipodystrophy, skin and bone alterations,
cardiovascular disease, and mortality around puberty (23).

The objective of this review is to describe and evaluate the efficacy of therapeutic agents for the treatment of HGPS.
These include use of inhibitors of transcriptional activity and enzymatic post-translation steps of progerin, and activator

74



World Journal of Biology Pharmacy and Health Sciences, 2022, 10(03), 073-081

of autophagy. The combination of two different agents was more effective than a single agent. In addition, a few
individual antioxidants have been used to suppress progerin-induced oxidative stress. No studies have been performed
to evaluate the efficacy of a combination of antioxidants with drugs focused on inhibition of individual metabolic steps
in the management of progeria. This review proposes that oral administration of a comprehensive mixture of
micronutrients in combination with more selective drugs might be the most effective means of delaying the onset and
progression of HGPS.

2. Development of Therapeutic Agents for HGPS

Therapeutic approaches for treating HPGS have been recently reviewed (24)
Some examples are described here.

2.1. Inhibition of transcriptional activity based therapy

This therapy tested the ability of a number of antisense peptide-conjugated phosphorodiamidate morpholino oligomers
to inhibit pathogenic splicing of mutant transcripts. Among them SRP2001 was found to most effective in reducing
progerin levels in the fibroblasts of HGPS patients. Intravenous administration of SRP2001 produced significant
reduction of progerin transcripts in the aorta of transgenic mouse model of progeria. Long-term continuous treatment
with SRP2001 increased the lifespan of mice by 61.6%, and prevented loss of vascular smooth cells of large arteries
(25). Another antisense oligonucleotide (LB143) markedly reduced progerin-producing mRNA in the transgenic model
of progeria (26). The combination of antisense oligonucleotide and Zokinvy (Lonafarnib), an inhibitor of
farnesyltrasferase, was more effective in reducing the levels of progerin in the liver and heart than the individual agent
alone (Progeria Research Foundation, 2021).

2.2. Post-translation based therapy

The FDA approved drug Lonafarnib remains one of the current treatment of HPGS. A combination of Lonafarnib, an
inhibitor of farnesyltransferase that prevents progerin from combining with the inner nuclear membrane, together with
Everolimus, an analog of rapamycin, which activates autophagy and thereby enhanced the removal of progerin (27), is
in phase [/II trial (NC02579044). The utility of Lonafarnib in combination with Zoledronic acid or pravastatin is
currently being studied.

Another drug progerinin is in a phase I trial (24). Treatment of HGPS fibroblasts in culture with progerinin, an optimized
progerin-lamin A binding inhibitor (JH4) decreased the levels of progerin and improved nuclear defects. In the genetic
mouse model of progeria, administration of progerinin enhanced body weight, and extended lifespan by 10 weeks
compared to those treated with lonafarnib (28).

Treatment of fibroblasts from patients with HGPS with an inhibitor of S-isoprenylcysteine-O-methyltransferase (ICMT),
the enzyme essential for the last step in post-translation processing progerin, decreased markers of accelerated aging
and ROS, and enhanced proliferation of the cells (29).

Rapamycin, an immunosuppressive agent, activates autophagy, leading to improved nuclear shape and delayed onset
of aging in HGPS fibroblasts (30, 31). Mice with deletion of the LMNA gene (-/-), are used as a model for dilated
cardiomyopathy and muscular dystrophy. Treatment of these mice with rapamycin improved cardiac and skeletal
muscle functions and enhanced survival by reversing of elevated target of rapamycin complex1 (mTORC1) signal (32).
Using this genetic mouse model, treatment with rapamycin increased the lifespan, body weight, and fat contents (33).
However, the changes found in mice with deleted LMNA (-/-) do not mimic the genetic and pathophysiology of HPGS in
humans. In addition, rapamycin may be toxic for children and therefore, is thus unlikely to be of therapeutic value for
patients with HGPS. However, Everolimus, an analog of rapamycin which activates autophagy, enhances the removal of
progerin and has been suggested to have potential clinical benefit for multiple laminopathy syndromes including HPGS
27).

2.3. Oxidative stress based therapeutic agents

Progerin-induced oxidative stress is caused by impairing transcriptional ability of Nrf2 by preventing the binding of
Nrf2 with ARE (antioxidant response element) (19). A similar impaired binding is found in aged rats and treatment with
alpha-lipoic acid restores this binding ability (34).
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Suppression of Nrf2 leads to changes, which resemble cellular defects observed in patients with HGPS. Re-activation of
Nrf2 activity reversed progerin-induced nuclear abnormalities in the fibroblasts from patients with HGPS, and restored
the viability of mesenchymal stem cells in genetic animal model of progeria. These results suggest that suppression of
Nrf2 transcriptional ability is a major contributor to the premature aging phenotype (19).

Increased oxidative stress can cause impaired DNA repair mechanisms (13), mitochondrial dysfunction (15), shortening
of telomeres (16), and autophagy defects (35-37). Therefore, attenuation of oxidative stress may delay the symptoms
of progeria as well as its progression by improving above cellular defects. Antioxidants are known to reduce oxidative
damage. Resveratrol, which exhibits antioxidant and anti-inflammatory effects, also activates autophagy in mouse
model of diabetic neuropathy (38) and Hela cells (39) . Thus administration of antioxidants may be of use as a
supplementary strategy in improving the overall treatment of progeria. A few studies on the effects antioxidants in the
treatment of progeria has been conducted . These studies are described here,

2.4. Application of Antioxidants or Vitamin D

Recent progress in therapies of HGPS has been reviewed (40). Treatment of HGPS fibroblasts in culture with n-
acetylcysteine (NAC) restored their ability to repair DNA double-strand breaks, decreased population doubling time,
and improved nuclear anomalies (41). Treatment of HGPS mesenchymal stem cells with vitamin C and/or quercetin
inhibited production of progerin, age-related changes, and enhanced the ability of cell to proliferate (42). Resveratrol
enhanced the SIRT1 deacetylase activity by enhancing the association between SIRT1 and Lamin A protein in the
nucleus of wild-type cells; however this association was found to be disrupted in cells expressing progerin.
Supplementation with resveratrol attenuated progeroid phenotypes and increased the lifespan in the Zmpste24-/-
mouse model of HGPS (43).

Vitamin D receptor knockout mice developed several phenotypes of HGPS, such as reduce lifespan and cardiovascular
pathology (44, 45). Furthermore, HPGS cells have decreased levels of vitamin D receptor and DNA repair factors BRCA1
and 53BP1. In addition, treatment of HGPs cells with vitamin D attenuated some phenotypes, such as premature aging
and DNA repair defects (46).

3. Problems Associated with the Use of a Single Antioxidant for Reducing Oxidative Stress in
Patients with HGPS

While the administration of a single antioxidant appears to be effective in reducing some features of progeria in cell
culture models, it may not be useful in delaying the onset or progression of HGPS in humans because of several
problems. Some of them are described here.

e Patients with progeria exhibit increased levels of oxidative stress. Administration of a single antioxidant in a
high internal oxidative environment of these patients could lead to its oxidation, which would further promote
rather than inhibit free radical production.

o Different antioxidants are distributed differently in the sub-cellular compartments of cells, all of which must be
protected from oxidative stress. Administration of a single antioxidant cannot accumulate in all parts of the cell
in sufficient amounts to improve cellular defects associated with accelerated aging. Furthermore, Vitamin E is
more effective scavenger of free radicals in reduced oxygen pressure, whereas beta-carotene and vitamin A are
more effective in higher oxygen pressure of the cells (47). Therefore, administration of one antioxidant may not
retard the progeria disease process.

e Simultaneous elevation of both antioxidant enzymes and dietary and endogenous antioxidant compounds are
needed to achieve maximal reduction in oxidative stress. This is due to the fact that they act by different
mechanisms. Antioxidant compounds neutralize free radicals by donating electrons to those molecules with
unpaired electrons, whereas antioxidant enzymes destroy H202 and the superoxide radical by catalysis,
converting them to harmless molecules such as water and oxygen. Administration of a single antioxidant cannot
achieve this goal.

e Since most antioxidants are either lipophilic or hydrophilic, administration of a single antioxidant cannot
protect both the aqueous and lipid compartments of the cell against oxidative damage.

o Different antioxidants activate Nrf2 in the cells by altering the expression of different microRNAs (48). For
example, some antioxidants can activate Nrf2 by upregulating miR-200a that inhibits its target protein Keap1,
whereas others activate Nrf2 by downregulating miR-21 that binds with 3’-UTR Nrf2 mRNA (49). Thus,
different antioxidants activate Nrf2 (Nuclear Factor-Erythroid-2- Related Factor 2) by different mechanisms.
Administration of a single antioxidant cannot act on all the relevant microRNAs.
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e Administration of a single antioxidant compound in humans have often failed to yield expected benefits despite
positive effects in experimental models. For example, administration of vitamin E alone produced no effect in
patients with Parkinson’s disease (50, 51). It also had no effect on cognitive function in patients with
Alzheimer’s disease, and produced minimal benefits in early phase of this disease (52, 53). Administration of
beta-carotene alone in male heavy tobacco smokers increased the risk of lung cancer (54). These studies
suggest that administration of a single antioxidant is unlikely to provide any significant improvement in
patients with progeria.

4. Simultaneous Reduction of Oxidative Stress and Inflammation

In order to reduce oxidative stress and inflammation optimally, levels of intrinsic antioxidant enzymes should be
increased together with intracellular concentrations of antioxidants (55). Oral supplementation with a mixture of
antioxidants can increase the intracellular levels of antioxidant compounds; however, enhancing the content of
antioxidant enzymes requires activation of the nuclear transcriptional factor Nrf2. A brief description of activation
processes is presented here.

4.1. Processes of Activation of Nrf2

Under normal physiological conditions, activation of Nrf2, one of the nuclear transcriptional factors, requires ROS.
Activated Nrf2 dissociates itself from Keap1- Cul-Rbx1 complex and migrates to the nucleus where it heterodimerizes
with a small Maf protein and binds with ARE (antioxidant response element) leading to increased transcription of
cytoprotective enzymes including antioxidant enzymes (56, 57). However, during prolonged oxidative stress commonly
observed in human chronic diseases, activation of Nrf2 becomes resistant to ROS (58-60). This is evidenced by the fact
that increased oxidative stress continues to occur in chronic diseases despite the presence of Nrf2. In the patients with
progeria, increased oxidative stress occurs as soon as progerin is produced in the cells. This suggests that activation of
Nrf2 becomes resistant to ROS.

In order to increase the levels of antioxidant enzymes, activated Nrf2 must bind to ARE to increase the transcription of
cytoprotective enzymes, such as detoxifying enzymes and antioxidant enzymes. Progerin prevents the binding ability
of Nrf2 with ARE (19). Similarly the binding ability of Nrf2 to ARE was impaired in aged rats but this defect was reversed
by supplementation with alpha-lipoic acid (34).

Activation of Nrf2 decreases oxidative stress as well inflammation (61, 62). Many antioxidant compounds also attenuate
inflammation (63-68). Treatment of HGPS cells with tocilizumab, a human monoclonal antibody, which neutralizes pro-
inflammatory interleukin -6 (IL-6 ) receptor, reduced the levels of progerin and nuclear defects. In the genetic mouse
model of progeria, tocilizumab treatment improved skin condition, weight, locomotor activity, and lifespan (69).

5. Proposed Mixture of Micronutrients in Combination with Other Therapeutic Approaches in the
Treatment of HGPS

A comprehensive mixture of micronutrients containing vitamin A, mixed carotenoids, vitamin C, alpha-tocopheryl
acetate, alpha-tocopheryl succinate, vitamin D3, alpha-lipoic acid, N-acetylcysteine, coenzyme Q10, curcumin,
resveratrol, quercetin, all B-vitamins, and minerals selenomethionine, and zinc for prevention and management of
neurodegenerative diseases has been proposed (55, 70). This mixture would increase the levels of antioxidant enzymes
by restoring the ability of Nrf2 to bind with ARE and increasing the intracellular concentrations of antioxidant
compounds. Such a micronutrient mixture may most effectively reduce oxidative stress and chronic inflammation as
well as activate autophagy. This micronutrient mixture in combination with other therapeutic approaches may delay
the onset and progression HGPS. Since early sign of progeria can be detected in utero, treatment with the micronutrient
mixture alone in combination with other non-toxic approaches may best be initiated during pregnancy soon after
detection of this development abnormalities.

Two clinical studies support the value of a mixture of micronutrient in producing beneficial effects in certain human
diseases in which oxidative stress and inflammation plays a major role in their pathogenesis. For example,
administration of multiple micronutrients reduced the risk of cancer in men (71) and delayed the progression of HIV
disease by prolonging the time period for initiating the anti-viral therapy (72). Therefore, it is to be expected that the
proposed micronutrient mixture may delay the onset of progeria when administered in utero.
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6. Conclusion

Progeria is essentially an untreatable disease and although some of the sequelae of the disorder have been
pharmacologically ameliorated, no reliable means of extending the short life expectancy of patients has hitherto been
developed. The extreme rarity of the disease has not permitted comparative clinical trials and thus most research has
been confined to ex vivo studies with isolated systems. These provide good mechanistic understanding but their role in
developing novel therapies have been limited. A rationale is given here for nutritional supplementation of HGPS patients
with a blend of antioxidants and other dietary components active in promoting intermediary metabolism. Such a
mixture might be of use in delaying the progression of the disease especially when combined with agents more
specifically targeted to impacting on the gene expression of the mutant LMNA gene and consequent metabolism of the
abnormal Lamin A variant. Such dietary addition can provide an optimal intracellular milieu within which more
selective drugs can best function. Most of the constituents listed have previously been advocated as a means of
decelerating normal aging. The components of the supplement discussed here are all found naturally and have often
been shown to be of nutritional value. In addition, these materials are known to be non-toxic and non-carcinogenic at
levels where they are generally used. Thus the potential benefit of adding such materials to a therapeutic treatment
regimen for HGPS, far outweighs any potential adverse effect. Their ready availability and minimal cost are further
positive attributes. Overall, our recommendation presents a risk-free tactic in contending with this disorder.
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