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I. HYPOTHYROIDISM 

A. Hypothyroidism- Types, Prevalence and Diagnosis 

Most thyroid related disorders are chronic and are predominant in women than in 

men. Currently prevalence of thyroid related disorders are on rise. Thyroid is butterfly 

shaped small endocrine gland present in neck region and secretes thyroid hormones, 

thyroxin (T4) and triiodothyronine (T3) that are responsible for regulation of protein, 

fat and carbohydrate metabolism and have effect on each and every organ of body by 

way of affecting energy utilization. These hormones also have role in brain 

development, cardiac ventilation and endometriosis. Blood levels of T4 and T3 are 

regulated by levels of thyrotropin (thyroid stimulating hormone, TSH). An important 

component utilized in thyroid hormone synthesis along with amino acid tyrosine is 

iodine (1).  

Hypothyroidism is an endocrine disorder characterized by decreased activity of 

thyroid gland leading to insufficient production of thyroid hormones. Subclinical or 

asymptomatic hypothyroidism is characterized by elevated thyrotropin level and 

normal serum thyroid hormones level. Whereas, there remains elevated TSH but 

decreased thyroid hormones serum levels in case of overt or clinical hypothyroidism 

(2) (3). Diagnosis of hypothyroidism is usually based on symptoms and results of 

blood levels of TSH, T3 and T4 and supported by plasma anti-TPO antibody 

estimation (4). 

In India, hypothyroidism used to usually be categorized under the iodine deficient 

disorders and represented based on total goiter rate. Government of India has adopted 

the universal salt iodization program and since then there has been a decline in goiter 

prevalence in various parts of the country (5-9). As per World health organization 

(WHO) assessment report India has undergone transition from iodine deficient state to 

iodine sufficient state (10-12). A large, cross-sectional, comprehensive study recently 

carried out  in adult population across the country, indicates about 10.9% prevalence 

of hypothyroidism (13); whereas, the prevalence of hypothyroidism in the developed 

countries is about 4-5% (14, 15). This indicates even though most of the regions of 

India have been made iodine sufficient there is still high prevalence of 

hypothyroidism. Hence, underlying pathogenesis may involve a complex interplay of 

genetic, environmental and endogenous factors and not only iodine deficiency. 

Clinical investigation of patients in India does not include evaluation of thyroid 
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autoantibodies and hence iodine deficiency is believed to be the sole candidate for 

hypothyroidism pathogenesis which may not be the case. 

Autoimmune hypothyroidism is characterized by gradual destruction of the thyroid 

gland due to loss of thyroid cells, leading to thyroid hormone deficiency. The 

immunological features of this disorder include the presence of anti-thyroidperoxidase 

(anti-TPO) antibodies and, less commonly, anti-thyroglobulin (anti-TG) antibodies, 

abnormalities in the circulating T cell population and a goiter with lymphocytic 

infiltration (16, 17). Thyroid peroxidase (TPO) is a heme containing microsomal 

membrane glycoprotein (molecular weight- 105KDa) that catalyzes iodination and 

coupling of tyrosine residues for production of thyroid hormones in the thyroid gland 

(18). It is also a major thyroid autoantigen that elicits the production of autoantibodies 

found in the serum of many patients with autoimmune thyroid disease as well as other 

autoimmune diseases (19). Inhibition of TPO due to persistent autoantibody (anti-

TPO) leads to decreased synthesis of thyroid hormones leading to autoimmune type of 

hypothyroidism also known as hashimoto’s thyroiditis. Presence of anti-TPO 

antibodies in blood circulation has been used for clinical diagnosis of this disease in 

USA (20), Europe and many other countries(21) but not in India (22). 

Hypothyroidism diagnosis is limited to determination of thyroid hormone and 

thyrotropin serum levels and evaluation of autoimmune antibodies in patients is not 

currently practiced in India.  

B. Pathogenesis of autoimmune hypothyroidism 

Pathogenesis of autoimmune hypothyroidism involves complex interplay of several 

genetic and environmental abnormalities in multistep process. Disease initiation 

occurs with accumulation of MHC class II antigen presenting cells (APC) and 

macrophages in to thyroid due to any of environment triggering factors such as viral 

infection, iodine and toxins (23).  

After accumulation in thyroid, APC present thyroid specific autoantigen to naïve T 

cells which leads to clonal expansion followed by maturation in to autoreactive T and 

B-lymphocytes in lymph node leading to production of auto-antibodies against 

thyroid autoantigens also occurs. What Triggers accumulation of APC and 

presentation of self protein as antigen to T cells is not clearly known but it is believed 

to occur due to loss of self tolerance as a result of complex interplay of genetic 

predisposition and environmental triggers. Finally, helper T lymphocytes mediate 
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attack of cytotoxic T lymphocytes and B lymphocytes on thyroid cells by 

inflammatory cytokines such as interleukin-12, interferon- γ and tumor necrosis 

factor-α. This substantial attack on thyroid causes destruction of thyroid follicles, 

where thyroid hormones are synthesized and stored in the form of thyroglobulin, 

leading to autoimmune hypothyroidism (23). 

 

 

Figure 2.1 A schematic representation of autoimmune events that occurs in 

autoimmune hypothyroidism/ Hashimoto’s thyroiditis. Adapted from 

“Immunogenetics of Hashimoto's thyroiditis” by Dimitry A et al (24). 

C. Treatment and Management of hypothyroidism 

All types of hypothyroidism are treated with synthetic thyroxine, a drug that is 

identical to thyroid hormone thyroxin. The correct dose for treatment is determined 

based on results of diagnosis tests and also depends on age and weight of patient, 

severity of the hypothyroidism, the presence of other diseases, and other ongoing 

medication. Plasma TSH levels are measured every 6 to 8 weeks after therapy to 

adjust dose for further treatment. After each dose adjustment thyroid hormone 

profiling is done.  Process is repeated until stable dose is reached (4) (20). However, 
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supplementing thyroxine for treatment of hypothyroidism is symptomatic cure for 

autoimmune type of hypothyroidism. Actual treatment of autoimmune 

hypothyroidism should be capable of preventing gradual thyroid gland destruction and 

loss, a root cause of the disease.  

D. Gene therapy for autoimmune hypothyroidism- Current Perspective 

As presented in Figure 2.1, autoimmune hypothyroidism occurs due to complex 

interaction between genetic predisposition and an environmental trigger (dietary 

iodine, infection, pregnancy, cytokine therapy) (24). Identification of those gene that 

predispose an individual to autoimmune hypothyroidism can help in detecting risk of 

developing autoimmune hypothyroidism in particular individual. Furthermore, genes 

that are involved in pathogenesis of disease can be useful to identify new therapeutic 

targets and hence new therapeutic options for this disease.  

Therapeutic potential of interleukin-10 (IL-10) has been proved in experimental 

autoimmune thyroiditis (EAT) mice model by in vivo administration of plasmid 

encoding IL-10. The direct injection of IL-10 pDNA expression was found to inhibit 

lymphocytic infiltration in thyroid and also alleviated the progression of autoimmune 

thyroiditis (25). Similarly, in vivo administration of Fas Ligand gene in experimental 

autoimmune thyroiditis has lead to destruction of autoreactive infiltrating T 

lymphocytes and reversal of EAT, indicating its therapeutic potential in management 

of autoimmune hypothyroidism (26). 

II. GENE DELIVERY VECTORS 

Delivery of exogenous gene in to target eukaryotic cell has been extensively studied 

using viral and non-viral vectors. Various viral vectors such as adenovirus, adeno-

associated virus and retrovirus vectors have very high transfection efficiency but 

suffer from various drawbacks such as generation of immune or toxic reactions and 

insertional mutagenesis within host (27). Research in this field is currently driven by 

quest for safe and effective alternative of viral vectors for gene delivery.  Non viral 

vectors for gene delivery include polymer and lipid based vectors. Complex of 

plasmid DNA (pDNA) with lipid is known as Lipoplex and polymer is known as 

Polyplex. These vectors provide safe alternative of viral vectors, higher flexibility and 

ease of manufacturing. Gene being negatively charged in nature, generally, cationic 

lipids and cationic polymers are used as gene delivery vector to form complexes. The 
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use of cationic lipid for gene delivery was first put forward by Felgner and termed the 

process of transfection of pDNA using cationic lipid as Lipofection (28). Ever since 

then cationic lipids are widely studied for gene delivery. They are commercially 

available as easy to use transfection agents such Lipofectamine and are even taken to 

clinical trials (29). The most widely used monovalent cationic lipid includes DOTMA 

(1,2-di-O-octadecenyl-3-trimethylammonium propane) and DOTAP (N-[1-(2,3-

Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate). Most widely used 

multivalent lipids include DOSPA ((+)-N,N-dimethyl-N-[2-

(sperminecarboxamido)ethyl]-2,3-bis(dioleyloxy)-1-propaniminium 

pentahydrochloride)  and DOGS (dioctadecylamidoglycylspermine) (30).  DOPE 

(1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine) is used as helper lipid in 

combination with these cationic lipids. Lipoplexes too have critical disadvantages 

related to stability upon storage and in vivo administration, reproducible formulation 

and toxicity. Polymers used for gene therapy are of various types, linear, branched 

and dendritic, among all most widely studies are Polyethyleneimine (PEI) (31), Poly 

L-lysine (PLL) (32) and Polyamidoamide (PAMAM) (33). These polymers provide 

stable polyplexes, have flexibility for modification of functional groups such as 

primary amino groups, and provide ease of manufacturing. However, poor 

transfection efficiency and toxicity have limited their clinical utility. 

III. BARRIERS AND STRATEGIES TO IMPROVE TRANSFECTION 

EFFICIENCY 

To be effective gene delivery vector, cationic lipid or polymer should be capable of 

delivering gene to cell nucleus by successfully crossing various extracellular and 

intracellular barriers. Detailed understanding of these barriers can help to device 

strategies that can help to overcome such barriers (34). 

A. Extracellular barriers 

First barrier that any gene delivery vector faces before entering cell is extracellular 

barrier. These barriers include stability of vector in serum after delivery in to blood 

stream. An effective non-viral gene delivery vector should be able to maintain its 

complex with pDNA so as to protect pDNA from extracellular nucleases so that it can 

be transported through blood vessels and surrounding tissues to the cellular level. 

Stability of non-viral gene delivery vector in serum is affected by physiological salts 
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and plasma proteins such as albumin which causes displacement of pDNA and makes 

it vulnerable to degradation by serum nucleases. Therefore non-viral gene delivery 

vector should be able to withstand such challenge. 

Polyplexes or any other vector for gene delivery should be able to block access of 

such enzyme to pDNA. Unprotected pDNA are degraded within few minutes in 

serum. Whereas, polyplexes have ability to protect them for hours if pDNA is 

condensed in to small compact particles of nanometer size range by electrostatic 

interaction between negatively charged phosphate groups in pDNA and positively 

charged function groups (generally amine groups) in cationic polymer DNA. 

Complex formation and condensation occur instantaneously due to interaction 

between pDNA and cationic polymer and leads to formation of spherical or toroid 

shape particles (33, 35, 36). 

Each polyplex most often comprises several pDNA molecules along with many 

polymer chains. The structure and morphology of polyplexes seems to be kinetically 

controlled and often depends on the order of mixing (for example, adding polymer to 

DNA solution or DNA to polymer solution). Efforts have been made to better 

understand polyplex formation but improvements in the theoretical understanding of 

the process and physicochemical characterization of the resulting complexes are 

needed (35, 37, 38). Structure of cationic polymer i.e. linear or branched or dendrimer 

and degree of branching also affect condensation and pDNA binding. Minimum six to 

eight cationic charge is required, for peptide mediated gene delivery, for efficient 

pDNA condensation (39-41). 

Some group has shown that substitution of polycationic polymer such as PLL using 

amino acid can increase binding of PLL with pDNA. However, other group has found 

the opposite effect in terms of decrease in complexation potency of branched 

polycation.  This difference may have been observed due to different types of polymer 

used in these two different studies. However, increase in binding does not correlate 

with increase in transfection efficiency. In some cases tight binding may also lead to 

decrease in transfection efficiency.  In conclusion, balance between binding capacity 

required to protect pDNA in serum and ability to release pDNA to show transfection 

efficiency is essential (41, 42). 
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1. Serum stability 

The stability of polyplexes depends on charge of polyplexes. Due to positive charge 

on surface polyplexes may interact with plasma proteins and form aggregates. These 

aggregates are rapidly cleared by reticuloendothelial system. Modification of polyplex 

surfaces to conceal positive charge or hydrophobic nature of surfaces, various 

hydrophilic moieties such as Polyethylene Glycols (PEG) and sugars are attached 

which can help increase circulating half life of polyplexes (43). Increased stability due 

to such modifications of surface results because of stearic hindrance provided by their 

long chain, degree of surface modification and method used. Surface modification 

increases serum stability but at the cost of transfection efficiency. Hence optimization 

of surface modification by its effect on transfection efficiency and serum stability is 

needed (43).  

B. Intracellular barriers 

After successfully crossing all extracellular barriers gene delivery vector face 

intracellular barriers. Gene delivery non-viral vector enter cells by endocyctosis and 

hence endocytic pathway can lead them to lysosomes where they are finally digested 

in acidic environment by degradative enzymes. Non-viral vector must escape this 

pathway and enter cytoplasm and lead pDNA to nucleus as well as release pDNA at 

same time so that further transcription and translation can occur (44) (45).  

1. Endo-lysosomal barrier 

Gene delivery vectors are internalized in cell by endocytosis pathway and end up to 

the hostile environment of endosome. These endosome can fuse with early endosome 

which again fuse with cell membrane and transported back out of the cell. However, 

gene delivery vectors do not fuse with early endosome but with late endosome. Late 

endosome have ATPase proton pump enzyme in the vesicle membrane which can 

acidify endosome vesicle to pH 5-6. These late stage endosome empty its content to 

lysosome which has pH ~4.5 and also contain various enzymes. At this stage gene 

delivery vector along with pDNA are degraded. Only few pDNA or gene delivery 

vectors that escape this degradation have chance to reach cell nucleus. 

Various strategies have been used to overcome this barrier. First method tried for 

endosomal escape was to use chloroquine along with gene delivery vector. 

Chloroquine has capacity to buffer endosomal pH.  This approach was tried for in 

vitro application. However, this is not practicable for in vivo application. Other 
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researchers have attached inactivated viral particles to delivery vector which showed 

man fold increase in transfection efficiency and results were attributed to endosomal 

escape provided by inactivated viral particles. However, these viral particles can also 

aid subsequent step of gene delivery such as nucleus entry. So overall increase in 

transfection efficiency may also be combined effect on all steps of gene delivery 

process. At the same time this inactive particle preparation, isolation and their 

fabrication on the surface of polymeric gene delivery vector surface is also 

challenging, consideration of this in connection with immunogenicity concerns and 

safety also makes it impracticable (46, 47). Alternatively, use of peptides or fusogenic 

viral particles attached to the surface of gene delivery vector has resulted in increased 

transfection efficiency (48, 49). Certain cationic polymers such as PEI (50) and 

fusogenic lipids such as DOPE (51) also have ability to escape from this barrier. 

2. Transport through cytoplasm 

Once gene delivery vector escape endosome it has to travel in cytoplasm to cell 

nucleus. Mobility of vector in cytoplasm is restricted by cell organelles and proteins 

and is directly dependent on size. After pDNA is released from vector in cytoplasm, 

size of pDNA affects its mobility in cytoplasm. Generally pDNA with size greater 

than 3000bp in length move very slowly in cytoplasm and makes it more vulnerable 

to degradation by cytosolic nucleases (52). Gene delivery vectors being negatively 

charged in nature can move towards due to microtubules during mitosis. However, 

mechanism of their transport to nucleus needs to be studied in detail in order to 

improve design (53). 

3.  Nuclear localization 

Nucleus localisation is required so that pDNA can utilize transcription machinery of 

nucleus and further in form of mRNA translate in to protein. Most important barrier 

for nuclear localization is nuclear double bilayer membrane with tightly regulated 

pores that allow only specific set of biomaterials to enter inside nucleus. For viral 

vector this is not a major barrier but for non-viral vector nucleus membrane is major 

barrier for transfection. Non-viral vectors cannot evade nuclear membrane and has to 

wait for cell division during which nucleus membrane breaks. Hence, cells that are 

transfected immediately before cell division show greater transfection efficiency (54, 

55). Nuclear localization mechanism is not well studied but much work has been done 

to understand nuclear localization signals (NLS). NLS are short cationic sequences 
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that are recognized and taken up by importins. Nucleotide sequences are also 

recognized and taken up inside the nucleus (56, 57). Use of cationic peptides that are 

substrate for NLS can help in nuclear localization of gene delivery vectors. 

4. Unpackaging 

At some point of time after endosomal escape polyplexes should be able to de-

complex to set free pDNA by way of unpackaging. Polyplex by way of complexation 

prevent pDNA from degradation in vivo but at the same time prevent pDNA from 

translation and hence unpackaging is essential. Various lipophilic modification, 

conjugation with polyethylene glycol and use of low molecular weight PEI help in 

this process (58).  

IV. POLYETHYELENEIMINE AS GENE DELIVERY VECTOR 

PEI is widely explored polymer for gene delivery ever since its discovery (31). Due to 

presence of primary amino groups in its structure it is easy to modify it for targeting. 

It has been used to target specific cell type using transferrin (59), mannose (60), 

galactose (61) and antibodies (62). Various studies have proved that it is capable of 

transfecting of variety of tissues such as kidney, lung, central nervous system and 

tumors. However its relatively high toxicity has limited or hindered its use. At present 

it is believed that cationic nanomaterials are internalized majorly through clathrin-

mediated endocyctosis and to lower extent by macropinocytosis. However PEI based 

polyplexes are internalized using multiple pathways such as caveolae-mediated 

endocyctosis in addition to clathrin-mediated endocyctosis and macropinocytosis 

(63).  

After internalization due to any of the routes mentioned above, further transfection 

efficiency of PEI is believed to be due to presence of protonable nitrogen atoms in 

amino groups of PEI. Because of considerable presence of nitrogen atoms in PEI it 

has buffer capacity in acidic environment of lyososomes (64). This mechanism was 

described by Behr et al in 1997 as a trick to enter cells (50). Acidic environment of 

lysosome is responsible for accumulation of weak bases in to these vesicles which 

after protonation cannot diffuse back in to cytosol (65). Agents that accumulate in 

lysosome are known as lysosomotropic agents and then they get trapped inside 

lysosome at hundred fold high concentration than cytosol (66). Many pharmaceutical 

drugs namely chloroquine, chlorpromazine, imipramine, have such lysosomotropic 
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effect. However, this effect may lead to cytotoxicity. In case of PEI, once inside 

lysosome, it absorbs protons resulting in more protons being pumped by V-ATPase 

pump inside lysosome to maintain its acidic pH. This proton influx by ATP dependent 

pump also leads to simultaneous chloride ion and water influx. These events further 

lead to ostmotic swelling of lysosome leading to rupture of lysosome and subsequent 

release of its content in to cytoplasm (50). Many researchers have tried to confirm 

proton sponge effect by employing different strategies and have confirmed it. 

However, few researchers believe that proton sponge effect to be incorrect because in 

their experiment they failed to observe PEI mediated increase in pH of lysosome (67). 

In order to confirm results obtained in their study, when other researchers performed 

same study, they found that dye which showed no increase in pH of lysosome does 

not co-localize with PEI and hence cannot truly confirm Proton sponge hypothesis 

(68). Few researchers believe that proton sponge effect is not the dominant 

mechanism for PEI and other mechanisms may also exist such as escape of few PEI 

polyplexes from endosome before they reach lysosome (69). It is therefore reasonable 

to assume that increase in protons inside lysosome occurs and hence proton sponge 

hypothesis is correct but no change in pH of lysosome occur. However, proton sponge 

hypothesis is widely accepted mechanism for PEI based transfection. Mechanism of 

nuclear entry of PEI is not well understood but it may occur due to interaction of 

negatively charged nucleus membrane or translation may occur during mitosis 

without need to cross nucleus membrane. However, even if mechanism of nucleus 

entry is not know, it has been reported that PEI alone or in complex with pDNA 

undergo nuclear localization in form of ordered structure (70).  

V. POLYETHYLENEIMINE MEDIATED CYTOTOXICITY 

Linear as well as branched PEIs are cytotoxic in nature and their mechanism of 

cytotoxicity is well studied (71). PEI induces its toxicity in two ways. First, it induces 

necrosis like changes in plasma membrane within 30 min of exposure leading to 

compromised plasma membrane integrity and membrane perturbation. Changes in 

plasma membrane include translocation of phosphatidylserine from inner plasma 

membrane to out surface. Second, PEI induces channel formation in mitochondrial 

membrane which leads to release of proapoptotic cytotchrome-C in cytosol. This is 

followed by caspase-3 translocation in to mitochondira which leads to activation of 

caspase-3, which is crucial mediator of programmed cell death, and disturbance in 
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mitochondrial potential. These leads to mitochondria mediated programmed cell death 

i.e. apoptosis which occurs ~24hr after PEI treatment. In conclusion, PEI induces 

early necrosis as well as late apoptosis based cytotoxicity.  

VI. LOW MOLECULAR WEIGHT PEI AND ITS MODIFICATIONS 

Transfection efficiency of PEI is dependent on its molecular weight and 

polydispersivity. High molecular weight (HMW) PEIs are more efficient as 

transfection agents than low molecular weight (LMW) PEI. At the same time they 

also show high cytotoxicity in comparison to LMW PEIs (72). Various modifications 

of LMW PEIs have been performed till date to improve its transfection efficiency and 

of HMW PEIs to reduce its cytotoxicity.  

LMW PEIs are modified using endosome disruptive agent lysine-histidine peptide 

conjugated to 6-bromo hexanoic acid using ethylene diamine as a linker (73), poly(ε-

caprolactone) to form diblock copolymer (74), lipoic acid to form reduction triggered 

conjugate (75), and other hydrophobic modification of LMW PEIs performed using 

Carboxylic acid NHS ester (76) and folate NHS ester (77), 1-iodo dodecane and 1-

iodo hexadecane (78), fatty acid chlorides (79-81). Pluronic (82-84), PPO-PEO 

(polypropylene oxide- polyethylene oxide) (85), poly-γ-benzyl-L-Gluatamate (86) 

and, Cholesteryl chloroformate (87-92). Low molecular weight PEI can be utilized to 

overcome their inherent limitations by suitable chemical modification to make them 

effective gene delivery vectors. 

  

file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_72
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_73
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_74
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_75
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_76
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_77
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_78
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_79
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_82
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_85
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_86
file:///C:/Users/hinalp/Downloads/2.%20Literature%20review-Hypothyroidism.docx%23_ENREF_87


Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

24 

 

VII. REFERENCES 

1. Cooper DS. Subclinical hypothyroidism. New England Journal of Medicine. 

2001;345(4):260-5. 

2. Roberts CG, Ladenson PW. Hypothyroidism. Lancet. 2004 Mar 

6;363(9411):793-803. 

3. Cooper DS. Clinical practice. Subclinical hypothyroidism. N Engl J Med. 

2001 Jul 26;345(4):260-5. 

4. Singer PA, Cooper DS, Levy EG, Ladenson PW, Braverman LE, Daniels G, et 

al. Treatment guidelines for patients with hyperthyroidism and 

hypothyroidism. Jama. 1995;273(10):808-12. 

5. Dodd NS, Godhia ML. Prevalence of iodine deficiency disorders in 

adolescents. Indian J Pediatr. 1992 Sep-Oct;59(5):585-91. 

6. Sood A, Pandav CS, Anand K, Sankar R, Karmarkar MG. Relevance and 

importance of universal salt iodization in India. Natl Med J India. 1997 Nov-

Dec;10(6):290-3. 

7. Revised Policy Guidelines On National Iodine Deficiency Disorders Control 

Programme. New Delhi: Directorate General of Health Services, Ministry of 

Health and Family Welfare, Government of India; 2006. 

8. Marwaha RK, Tandon N, Gupta N, Karak AK, Verma K, Kochupillai N. 

Residual goitre in the postiodization phase: iodine status, thiocyanate exposure 

and autoimmunity. Clin Endocrinol (Oxf). 2003 Dec;59(6):672-81. 

9. Toteja GS, Singh P, Dhillon BS, Saxena BN. Iodine deficiency disorders in 15 

districts of India. Indian J Pediatr. 2004 Jan;71(1):25-8. 

10. The WHO Global Database on Iodine Deficiency. Geneva: Department of 

Nutrition for Health and Development, World Health Organization; 2004. 

11. Andersson M, Takkouche B, Egli I, Allen HE, de Benoist B. Current global 

iodine status and progress over the last decade towards the elimination of 

iodine deficiency. Bull World Health Organ. 2005 Jul;83(7):518-25. 

12. Andersson M, Karumbunathan V, Zimmermann MB. Global iodine status in 

2011 and trends over the past decade. J Nutr. 2012 Apr;142(4):744-50. 

13. Unnikrishnan AG, Kalra S, Sahay RK, Bantwal G, John M, Tewari N. 

Prevalence of hypothyroidism in adults: An epidemiological study in eight 

cities of India. Indian J Endocrinol Metab. 2013 Jul-Aug;17(4):647-52. 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

25 

 

14. Hollowell JG, Staehling NW, Flanders WD, Hannon WH, Gunter EW, 

Spencer CA, et al. Serum TSH, T(4), and thyroid antibodies in the United 

States population (1988 to 1994): National Health and Nutrition Examination 

Survey (NHANES III). J Clin Endocrinol Metab. 2002 Feb;87(2):489-99. 

15. Hoogendoorn EH, Hermus AR, de Vegt F, Ross HA, Verbeek AL, Kiemeney 

LA, et al. Thyroid function and prevalence of anti-thyroperoxidase antibodies 

in a population with borderline sufficient iodine intake: influences of age and 

sex. Clin Chem. 2006 Jan;52(1):104-11. 

16. Eguchi K. Apoptosis in autoimmune diseases. Intern Med. 2001 

Apr;40(4):275-84. 

17. Stassi G, De Maria R. Autoimmune thyroid disease: new models of cell death 

in autoimmunity. Nat Rev Immunol. 2002 Mar;2(3):195-204. 

18. McLachlan SM, Rapoport B. The molecular biology of thyroid peroxidase: 

cloning, expression and role as autoantigen in autoimmune thyroid disease. 

Endocr Rev. 1992 May;13(2):192-206. 

19. Taurog A. Molecular evolution of thyroid peroxidase. Biochimie. 1999 

May;81(5):557-62. 

20. Baskin HJ, Cobin RH, Duick DS, Gharib H, Guttler RB, Kaplan MM, et al. 

American association of clinical endocrinologists medical guidelines for 

clinical practice for the evaluation and treatment of hyperthyroidism and 

hypothyroidism: AACE thyroid task force. Endocrine practice. 2002;8(6):457-

69. 

21. Gharib H, Papini E, Paschke R, Duick D, Valcavi R, Hegedüs L, et al. 

American Association of Clinical Endocrinologists, Associazione Medici 

Endocrinologi, and European Thyroid Association medical guidelines for 

clinical practice for the diagnosis and management of thyroid nodules. 

Endocrine practice. 2010. 

22. James R, TV VK. Study on the Prevalence of Thyroid Diseases in Ernakulam 

City and Cherthala Town of Kerala State, India. International Journal of 

Scientific and Research Publications. 2012;2:2250-3153. 

23. Many MC, Maniratunga S, Varis I, Dardenne M, Drexhage HA, Denef JF. 

Two-step development of Hashimoto-like thyroiditis in genetically 

autoimmune prone non-obese diabetic mice: effects of iodine-induced cell 

necrosis. J Endocrinol. 1995 Nov;147(2):311-20. 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

26 

 

24. Chistiakov DA. Immunogenetics of Hashimoto's thyroiditis. Journal of 

Autoimmune Diseases. 2005;2:1-. 

25. Zhang Z-L, Lin B, Yu L-Y, Shen S-X, Zhu L-H, Wang W-P, et al. Gene 

therapy of experimental autoimmune thyroiditis mice by in vivo 

administration of plasmid DNA coding for human interleukin-10. Acta 

pharmacologica Sinica. 2003;24(9):885-90. 

26. Batteux F, Tourneur L, Trebeden H, Charreire J, Chiocchia G. Gene therapy 

of experimental autoimmune thyroiditis by in vivo administration of plasmid 

DNA coding for Fas ligand. The Journal of Immunology. 1999;162(1):603-8. 

27. Mulligan RC. The basic science of gene therapy. Science. 1993 May 

14;260(5110):926-32. 

28. Felgner PL, Gadek TR, Holm M, Roman R, Chan HW, Wenz M, et al. 

Lipofection: a highly efficient, lipid-mediated DNA-transfection procedure. 

Proceedings of the National Academy of Sciences of the United States of 

America. 1987;84(21):7413-7. 

29. Gene Therapy Clinical Trials (Online).  2016; Website providing the most 

comprehensive source of information on worldwide gene therapy clinical 

trials]. Available from: http://www.abedia.com/wiley/countries.php. 

30. Mahato RI, Rolland A, Tomlinson E. Cationic lipid-based gene delivery 

systems: pharmaceutical perspectives. Pharm Res. 1997 Jul;14(7):853-9. 

31. Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, 

et al. A versatile vector for gene and oligonucleotide transfer into cells in 

culture and in vivo: polyethylenimine. Proc Natl Acad Sci U S A. 1995 Aug 

1;92(16):7297-301. 

32. Tang MX, Redemann CT, Szoka FC, Jr. In vitro gene delivery by degraded 

polyamidoamine dendrimers. Bioconjug Chem. 1996 Nov-Dec;7(6):703-14. 

33. Wagner E, Cotten M, Foisner R, Birnstiel ML. Transferrin-polycation-DNA 

complexes: the effect of polycations on the structure of the complex and DNA 

delivery to cells. Proceedings of the National Academy of Sciences of the 

United States of America. 1991;88(10):4255-9. 

34. Pack DW, Hoffman AS, Pun S, Stayton PS. Design and development of 

polymers for gene delivery. Nat Rev Drug Discov. 2005 Jul;4(7):581-93. 

35. Bloomfield VA. DNA condensation by multivalent cations. Biopolymers. 

1997;44(3):269-82. 

http://www.abedia.com/wiley/countries.php


Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

27 

 

36. Hansma HG, Golan R, Hsieh W, Lollo CP, Mullen-Ley P, Kwoh D. DNA 

condensation for gene therapy as monitored by atomic force microscopy. 

Nucleic Acids Research. 1998;26(10):2481-7. 

37. Lai E, van Zanten JH. Monitoring DNA/poly-L-lysine polyplex formation 

with time-resolved multiangle laser light scattering. Biophys J. 2001 

Feb;80(2):864-73. 

38. Kabanov AV, Astafyeva IV, Chikindas ML, Rosenblat GF, Kiselev VI, 

Severin ES, et al. DNA interpolyelectrolyte complexes as a tool for efficient 

cell transformation. Biopolymers. 1991 Oct 15;31(12):1437-43. 

39. Wadhwa MS, Collard WT, Adami RC, McKenzie DL, Rice KG. Peptide-

mediated gene delivery: influence of peptide structure on gene expression. 

Bioconjug Chem. 1997 Jan-Feb;8(1):81-8. 

40. Plank C, Tang MX, Wolfe AR, Szoka FC, Jr. Branched cationic peptides for 

gene delivery: role of type and number of cationic residues in formation and in 

vitro activity of DNA polyplexes. Hum Gene Ther. 1999 Jan 20;10(2):319-32. 

41. Schaffer DV, Fidelman NA, Dan N, Lauffenburger DA. Vector unpacking as a 

potential barrier for receptor-mediated polyplex gene delivery. Biotechnol 

Bioeng. 2000 Mar 05;67(5):598-606. 

42. Zelphati O, Szoka FC. Mechanism of oligonucleotide release from cationic 

liposomes. Proceedings of the National Academy of Sciences of the United 

States of America. 1996;93(21):11493-8. 

43. Dash PR, Read ML, Barrett LB, Wolfert MA, Seymour LW. Factors affecting 

blood clearance and in vivo distribution of polyelectrolyte complexes for gene 

delivery. Gene Ther. 1999 Apr;6(4):643-50. 

44. Sahay G, Alakhova DY, Kabanov AV. Endocytosis of nanomedicines. J 

Control Release. 2010 Aug 03;145(3):182-95. 

45. Conner SD, Schmid SL. Regulated portals of entry into the cell. Nature. 2003 

Mar 06;422(6927):37-44. 

46. Cristiano RJ, Smith LC, Woo SL. Hepatic gene therapy: adenovirus 

enhancement of receptor-mediated gene delivery and expression in primary 

hepatocytes. Proc Natl Acad Sci U S A. 1993 Mar 15;90(6):2122-6. 

47. Wagner E, Zatloukal K, Cotten M, Kirlappos H, Mechtler K, Curiel DT, et al. 

Coupling of adenovirus to transferrin-polylysine/DNA complexes greatly 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

28 

 

enhances receptor-mediated gene delivery and expression of transfected genes. 

Proc Natl Acad Sci U S A. 1992 Jul 01;89(13):6099-103. 

48. Wagner E, Plank C, Zatloukal K, Cotten M, Birnstiel ML. Influenza virus 

hemagglutinin HA-2 N-terminal fusogenic peptides augment gene transfer by 

transferrin-polylysine-DNA complexes: toward a synthetic virus-like gene-

transfer vehicle. Proc Natl Acad Sci U S A. 1992 Sep 01;89(17):7934-8. 

49. Wyman TB, Nicol F, Zelphati O, Scaria PV, Plank C, Szoka FC, Jr. Design, 

synthesis, and characterization of a cationic peptide that binds to nucleic acids 

and permeabilizes bilayers. Biochemistry. 1997 Mar 11;36(10):3008-17. 

50. Behr J-P. The proton sponge: a trick to enter cells the viruses did not exploit. 

CHIMIA International Journal for Chemistry. 1997;51(1-2):34-6. 

51. Hattori Y, Suzuki S, Kawakami S, Yamashita F, Hashida M. The role of 

dioleoylphosphatidylethanolamine (DOPE) in targeted gene delivery with 

mannosylated cationic liposomes via intravenous route. Journal of Controlled 

Release. 2005;108(2):484-95. 

52. Luby-Phelps K, Castle PE, Taylor DL, Lanni F. Hindered diffusion of inert 

tracer particles in the cytoplasm of mouse 3T3 cells. Proceedings of the 

National Academy of Sciences of the United States of America. 

1987;84(14):4910-3. 

53. Suh J, Wirtz D, Hanes J. Efficient active transport of gene nanocarriers to the 

cell nucleus. Proceedings of the National Academy of Sciences. 2003 April 1, 

2003;100(7):3878-82. 

54. Subramanian A, Ranganathan P, Diamond SL. Nuclear targeting peptide 

scaffolds for lipofection of nondividing mammalian cells. Nat Biotechnol. 

1999 Sep;17(9):873-7. 

55. Brunner S, Sauer T, Carotta S, Cotten M, Saltik M, Wagner E. Cell cycle 

dependence of gene transfer by lipoplex, polyplex and recombinant 

adenovirus. Gene Ther. 2000 Mar;7(5):401-7. 

56. Chan CK, Jans DA. Enhancement of polylysine-mediated transferrinfection by 

nuclear localization sequences: polylysine does not function as a nuclear 

localization sequence. Hum Gene Ther. 1999 Jul 01;10(10):1695-702. 

57. Branden LJ, Mohamed AJ, Smith CI. A peptide nucleic acid-nuclear 

localization signal fusion that mediates nuclear transport of DNA. Nat 

Biotechnol. 1999 Aug;17(8):784-7. 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

29 

 

58. Erbacher P, Roche AC, Monsigny M, Midoux P. The reduction of the positive 

charges of polylysine by partial gluconoylation increases the transfection 

efficiency of polylysine/DNA complexes. Biochim Biophys Acta. 1997 Feb 

21;1324(1):27-36. 

59. Kircheis R, Blessing T, Brunner S, Wightman L, Wagner E. Tumor targeting 

with surface-shielded ligand--polycation DNA complexes. J Control Release. 

2001 May 14;72(1-3):165-70. 

60. Diebold SS, Kursa M, Wagner E, Cotten M, Zenke M. Mannose 

polyethylenimine conjugates for targeted DNA delivery into dendritic cells. J 

Biol Chem. 1999 Jul 02;274(27):19087-94. 

61. Zanta MA, Boussif O, Adib A, Behr JP. In vitro gene delivery to hepatocytes 

with galactosylated polyethylenimine. Bioconjug Chem. 1997 Nov-

Dec;8(6):839-44. 

62. Wojda U, Miller JL. Targeted transfer of polyethylenimine-avidin-DNA 

bioconjugates to hematopoietic cells using biotinylated monoclonal antibodies. 

J Pharm Sci. 2000 May;89(5):674-81. 

63. Rejman J, Bragonzi A, Conese M. Role of clathrin- and caveolae-mediated 

endocytosis in gene transfer mediated by lipo- and polyplexes. Mol Ther. 2005 

Sep;12(3):468-74. 

64. Suh J, Paik H-j, Hwang BK. Ionization of Poly (ethylenimine) and Poly 

(allylamine) at Various pH′ s. Bioorganic Chemistry. 1994;22(3):318-27. 

65. De Duve C, De Barsy T, Poole B, Trouet A, Tulkens P, Van Hoof Fo. 

Lysosomotropic agents. Biochemical Pharmacology. 1974 

1974/09/15;23(18):2495-531. 

66. Oda K, Koriyama Y, Yamada E, Ikehara Y. Effects of weakly basic amines on 

proteolytic processing and terminal glycosylation of secretory proteins in 

cultured rat hepatocytes. Biochem J. 1986 Dec 15;240(3):739-45. 

67. Godbey WT, Barry MA, Saggau P, Wu KK, Mikos AG. Poly(ethylenimine)-

mediated transfection: a new paradigm for gene delivery. J Biomed Mater Res. 

2000 Sep 05;51(3):321-8. 

68. Bieber T, Meissner W, Kostin S, Niemann A, Elsasser HP. Intracellular route 

and transcriptional competence of polyethylenimine-DNA complexes. J 

Control Release. 2002 Aug 21;82(2-3):441-54. 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

30 

 

69. Benjaminsen RV, Mattebjerg MA, Henriksen JR, Moghimi SM, Andresen TL. 

The possible "proton sponge " effect of polyethylenimine (PEI) does not 

include change in lysosomal pH. Mol Ther. 2013 Jan;21(1):149-57. 

70. Godbey WT, Wu KK, Mikos AG. Tracking the intracellular path of 

poly(ethylenimine)/DNA complexes for gene delivery. Proceedings of the 

National Academy of Sciences of the United States of America. 

1999;96(9):5177-81. 

71. Moghimi SM, Symonds P, Murray JC, Hunter AC, Debska G, Szewczyk A. A 

two-stage poly(ethylenimine)-mediated cytotoxicity: implications for gene 

transfer/therapy. Mol Ther. 2005 Jun;11(6):990-5. 

72. Godbey W, Wu KK, Mikos AG. Size matters: molecular weight affects the 

efficiency of poly (ethyleneimine) as a gene delivery vehicle. Journal of 

biomedical materials research. 1999;45(3):268-75. 

73. Hashemi M, Parhiz BH, Hatefi A, Ramezani M. Modified polyethyleneimine 

with histidine-lysine short peptides as gene carrier. Cancer Gene Ther. 2011 

Jan;18(1):12-9. 

74. Xu P, Van Kirk EA, Zhan Y, Murdoch WJ, Radosz M, Shen Y. Targeted 

charge-reversal nanoparticles for nuclear drug delivery. Angew Chem Int Ed 

Engl. 2007;46(26):4999-5002. 

75. Zheng M, Zhong Y, Meng F, Peng R, Zhong Z. Lipoic acid modified low 

molecular weight polyethylenimine mediates nontoxic and highly potent in 

vitro gene transfection. Mol Pharm. 2011 Dec 5;8(6):2434-43. 

76. Doody AM, Korley JN, Dang KP, Zawaneh PN, Putnam D. Characterizing the 

structure/function parameter space of hydrocarbon-conjugated branched 

polyethylenimine for DNA delivery in vitro. J Control Release. 2006 Nov 

28;116(2):227-37. 

77. Kim SH, Mok H, Jeong JH, Kim SW, Park TG. Comparative evaluation of 

target-specific GFP gene silencing efficiencies for antisense ODN, synthetic 

siRNA, and siRNA plasmid complexed with PEI-PEG-FOL conjugate. 

Bioconjug Chem. 2006 Jan-Feb;17(1):241-4. 

78. Thomas M, Klibanov AM. Enhancing polyethylenimine's delivery of plasmid 

DNA into mammalian cells. Proc Natl Acad Sci U S A. 2002 Nov 

12;99(23):14640-5. 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

31 

 

79. Alshamsan A, Haddadi A, Incani V, Samuel J, Lavasanifar A, Uludag H. 

Formulation and delivery of siRNA by oleic acid and stearic acid modified 

polyethylenimine. Mol Pharm. 2009 Jan-Feb;6(1):121-33. 

80. Neamnark A, Suwantong O, Bahadur RK, Hsu CY, Supaphol P, Uludag H. 

Aliphatic lipid substitution on 2 kDa polyethylenimine improves plasmid 

delivery and transgene expression. Mol Pharm. 2009 Nov-Dec;6(6):1798-815. 

81. Incani V, Tunis E, Clements BA, Olson C, Kucharski C, Lavasanifar A, et al. 

Palmitic acid substitution on cationic polymers for effective delivery of 

plasmid DNA to bone marrow stromal cells. J Biomed Mater Res A. 2007 

May;81(2):493-504. 

82. Gebhart CL, Sriadibhatla S, Vinogradov S, Lemieux P, Alakhov V, Kabanov 

AV. Design and formulation of polyplexes based on pluronic-

polyethyleneimine conjugates for gene transfer. Bioconjug Chem. 2002 Sep-

Oct;13(5):937-44. 

83. Ochietti B, Lemieux P, Kabanov AV, Vinogradov S, St-Pierre Y, Alakhov V. 

Inducing neutrophil recruitment in the liver of ICAM-1-deficient mice using 

polyethyleneimine grafted with Pluronic P123 as an organ-specific carrier for 

transgenic ICAM-1. Gene Ther. 2002 Jul;9(14):939-45. 

84. Belenkov AI, Alakhov VY, Kabanov AV, Vinogradov SV, Panasci LC, Monia 

BP, et al. Polyethyleneimine grafted with pluronic P85 enhances Ku86 

antisense delivery and the ionizing radiation treatment efficacy in vivo. Gene 

Ther. 2004 Nov;11(22):1665-72. 

85. Bromberg L, Raduyk S, Hatton TA, Concheiro A, Rodriguez-Valencia C, 

Silva M, et al. Guanidinylated polyethyleneimine-polyoxypropylene-

polyoxyethylene conjugates as gene transfection agents. Bioconjug Chem. 

2009 May 20;20(5):1044-53. 

86. Tian H, Xiong W, Wei J, Wang Y, Chen X, Jing X, et al. Gene transfection of 

hyperbranched PEI grafted by hydrophobic amino acid segment PBLG. 

Biomaterials. 2007 Jun;28(18):2899-907. 

87. Mahato RI, Lee M, Han S, Maheshwari A, Kim SW. Intratumoral delivery of 

p2CMVmIL-12 using water-soluble lipopolymers. Mol Ther. 2001 

Aug;4(2):130-8. 

88. Han S, Mahato RI, Kim SW. Water-soluble lipopolymer for gene delivery. 

Bioconjug Chem. 2001 May-Jun;12(3):337-45. 



Development of Therapeutics for Hypothyroidism on Genetic Basis 

 

32 

 

89. Yockman JW, Maheshwari A, Han SO, Kim SW. Tumor regression by 

repeated intratumoral delivery of water soluble lipopolymers/p2CMVmIL-12 

complexes. J Control Release. 2003 Feb 21;87(1-3):177-86. 

90. Kim WJ, Chang CW, Lee M, Kim SW. Efficient siRNA delivery using water 

soluble lipopolymer for anti-angiogenic gene therapy. J Control Release. 2007 

Apr 23;118(3):357-63. 

91. Wang DA, Narang AS, Kotb M, Gaber AO, Miller DD, Kim SW, et al. Novel 

branched poly(ethylenimine)-cholesterol water-soluble lipopolymers for gene 

delivery. Biomacromolecules. 2002 Nov-Dec;3(6):1197-207. 

92. Furgeson DY, Chan WS, Yockman JW, Kim SW. Modified linear 

polyethylenimine-cholesterol conjugates for DNA complexation. Bioconjug 

Chem. 2003 Jul-Aug;14(4):840-7. 

 

 

  


	2. Final all chapters combined (2).pdf

