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Abstract

Kidney stones are common with a multifactorial aetiology involving dietary, environmental and
genetic factors. In addition, patients with nephrolithiasis are at greater risk of hypertension,
diabetes, metabolic syndrome, and osteoporaosis although the basis for this is not fully understood.
All of these renal stone associated conditions have also been linked with adverse early life events,
including low birth weight, and it has been suggested that this developmental effect is due to
excess exposure to maternal glucocorticoids in utero. This is proposed to result in long-term
increased hypothalamic-pituitary-axis activation and there are mechanisms through which this
effect could also promote urinary lithogenic potential. We therefore hypothesise that the
association between renal stone disease and hypertension, diabetes, metabolic syndrome and
osteoporosis may be related by a common pathway of programming in early life which, if
validated, would implicate the developmental origins hypothesis in the aetiology of
nephrolithiasis.
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Introduction

Renal stone disease, also known as nephrolithiasis or urolithiasis, represents a major clinical
and economic health burden with approximately 20% of men and 10% of women
manifesting symptoms by 70 years of age(1). The incidence of nephrolithiasis is increasing
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and in untreated patients the chance of formation of new stones over the following 5 years is
greater than 50%(1). Renal calculi which consist of calcium oxalate, calcium phosphate,
urate, cysteine or struvite (magnesium ammonium phosphate), form as crystals when their
solubility product in urine is exceeded. Thus, a major risk factor for stone formation is
urinary salt concentration with hypercalciuria being the most common metabolic
abnormality in stone formers(2). Urinary pH also influences the risk of stone formation, with
increased urinary pH promoting the formation of calcium phosphate stones and decreased
urinary pH promoting the formation of uric acid stones(3). In addition, increased urinary
ceruloplasmin concentrations have been observed in stone-forming patients and
ceruloplasmin has been reported to promote lithogenesis in in vitro studies; the mechanisms
underlying this observation are unclear(4). However, other urinary constituents such as
citrate, osteopontin, uromodulin, inter-a-trypsin molecule(3), and human urinary trefoil
factor 1(5) inhibit stone formation. Indeed, oral citrate therapy to increase urinary citrate
which binds to calcium and acts to inhibit urinary crystal nucleation and aggregation reduces
the risk of stone formation in patients with low urinary citrate excretion(3). In this article,
we explore the possibility that prenatal effects may influence the balance of these urinary
constituents to increase an individual’s lifetime risk of developing renal stone disease, and
propose a novel hypothesis for kidney stone formation that involves a fetal origin with an
adverse intrauterine environment.

Nephrolithiasis Association With Hypertension, Type 2 Diabetes, Metabolic
Syndrome, And Osteoporosis

Patients with metabolic diseases that result in increased urinary solute loads have a higher
risk of nephrolithiasis(3). Such diseases include primary hyperoxaluria, enteric
hyperoxaluria, primary hyperparathyroidism, autosomal dominant hypocalcaemic
hypercalciuria, and Dents disease(3). Epidemiologic studies have also reported that
hypercalciuria and nephrolithiasis are associated with low bone mineral density (BMD),
osteoporosis, and fractures(6); and features of the metabolic syndrome, such as hypertension
and type 2 diabetes(7,8). In addition, hypertensive patients are at risk of hypercalciuria,
which may be due to increased dietary sodium, a genetic predisposition, or chronic
hyperaldosteronism that may be associated with hypocitraturia(7). Obesity and insulin
resistance have also been linked to hypercalciuria(9,10), hyperuricosuria(9), and increased
urinary acidity(7) and it has been reported that uric acid stones may be more common in
those with the metabolic syndrome(7).

Fetal Developmental Planning Is Implicated In The Development Of
Hypertension, Type 2 Diabetes, Metabolic Syndrome And Osteoporosis

An adverse intrauterine environment has been associated with components of the metabolic
syndrome(11-13), impaired bone health(14), and coronary heart disease(15). This is
consistent with the hypothesis of fetal origins of disease. Catch-up growth in the postnatal
period is also predictive of these diseases, thereby suggesting the importance of relative
growth restriction(15). The increased risk of these adult chronic diseases with adverse early
environment was initially considered to be related to maternal-fetal malnutrition, and more
recently to increased circulating maternal glucocorticoid levels during pregnancy which may
cause an adverse /n utero environment that results in long-term constitutive activation of the
fetal hypothalamic-pituitary-axis (HPA); these alterations may also involve epigenetic
mechanisms(16). The prenatal environment has been established to have major influences
on the development and function of the HPA axis, with effects on the susceptibility to
metabolic and neurological dysfunction(16). For example, several animal models have
shown the effects of maternal and fetal environment on offspring stress responsiveness and
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behaviours, and maternal stress during pregnancy has been reported to increase HPA activity
in rat, guinea pig and primate offspring. Furthermore, offspring of non-human primates
given dexamethasone have alterations in their HPA axis(17), and administration of
glucocorticoids to pregnant rats, sheep and non-human primates leads to smaller progeny at
birth(18). However, outcomes are variable and depend on the nature of the maternal
exposure (e.g. stress, glucocorticoid exposure, or undernutrition), the timing within
pregnancy, and the duration and intensity of the insult. In addition, interspecies variations in
outcomes have been shown and this likely relates to temporo-spatial differences in fetal
brain and neuroendocrine development, which may be associated with phases of rapid brain
growth(19).

Human studies, which are invariably observational, reveal that maternal stress is associated
with a range of neuroendocrine differences in the offspring. Specifically self-reported
maternal anxiety during late pregnancy was associated with higher awakening salivary
cortisol concentrations in their children at 10 years of age(20) and markers of anxiety at 16
weeks of gestation were associated with greater salivary cortisol responses to vaccination in
offspring aged 5 years(21). Although the results of observations of women following
catastrophic experiences in pregnancy are not always consistent, evidence has emerged that
women in their second or third trimester during the Chernobyl disaster had offspring with
higher salivary cortisol levels at the age of 14 years(22). There is also evidence that high
levels of maternal circulating glucocorticoids may lead to low birth weight(16,23). As
maternal stress has been linked to both low birth weight and offspring HPA activation, this
may be the basis for the association between low birth weight and higher fasting plasma
cortisol levels in humans(16,24). Furthermore, an inverse relationship between birth weight
and plasma aldosterone in humans has been established(25). Maternal circulating
glucocorticoid excess may alter development and function of the fetal adrenal cortex by
suppressing fetal adrenocorticotropic hormone (ACTH), which affects development of the
adrenal transitional zone, the future zone fasiculata, and the functional maturation of the
adrenal definitive zone, the future zona glomerulosa(26). In addition, mineralocorticoid
receptor activation by glucocorticoids, is normally prevented by 11p-hydroxysteroid
dehydrogenase type 2 which converts cortisol to inert cortisone and 11-
dehydrocorticosterone(16); however, in states of mineralocorticoid excess, this system may
become overwhelmed. Thus, these alterations in cortisol and mineralocorticoid activity may
have multiple effects on adult physiology, including blood pressure(25).

Hypothesis: In Utero Environment Influences Risk Of Developing Renal
Stone Disease

Low birth weight and fetal developmental programming may contribute to the risk of kidney
stone disease, for the following three reasons. First, premature infants with very low birth
weight have been reported to have either nephrocalcinosis or nephrolithiasis with higher
urinary calcium excretion which could not be explained by the greater use of dexamethasone
and furosemide, as these disorders had occurred in individuals who had not received these
drugs(27). The longer-term implications of these occurrences remain to be elucidated.
Second, maternal protein restriction in rats resulting in an adverse intrauterine environment,
led to progeny with higher urinary calcium excretion(28). Third, the association between
nephrolithiaisis and hypertension, type 2 diabetes, metabolic syndrome and osteoporosis, all
of which are linked to low birth weight, suggests a shared aetiology during early
development with multiple effects on the adult phenotype (Table 1). A possible mechanism
for this association may involve exposure in low birth weight infants to higher levels of
maternal glucocorticoids that results in persistent HPA activation and increased
mineralocorticoid activity. This may result in a form of chronic hyperaldosteronism, which
has been reported to lead to hypercalciuria in humans and rats(29,30) as well as lowering
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urinary pH(31). These factors would contribute to increasing the risk of calcium and urate
containing stones, respectively. Further evidence of the link between corticosteroids and
renal stone disease, comes from a study that reported a 50% rate of nephrolithiasis in
patients with Cushing’s syndrome; there was also an association with hypercalciuria,
hyperuricosuria and hypocitraturia. Following successful treatment of the Cushing’s
syndrome, patients became normocalciuric and normouricosuric although 30% continued to
have nephrolithiasis(32).

Testing The Hypothesis

We hypothesise that an individual’s lifetime risk of developing renal stone disease is
inversely related to their birth weight. The mechanism proposed is through the /n utero
exposure to excess maternal glucocorticoids leading to long-term activation of the HPA and
greater mineralocorticoid activity resulting in lifelong alterations in the lithogenic potential
of the individual’s urine.

This hypothesis of the contribution of fetal developmental programming to the risk of renal
stone disease could be tested by undertaking epidemiological studies in birth cohorts that
have combined information on: birth weight, post-natal growth and development, renal stone
disease prevalence rates, and relevant plasma and urinary biochemical measurements. Such
a cohort would need to include individuals in late adult life and in whom a history of
symptomatic renal stone disease could be confirmed. The specific urinary measurements, in
these individuals, would assess excretion of calcium, citrate, urate and pH, which are
established determinants of renal stone disease; osteopontin, uromodulin, inter-a-trypsin
molecule, and human urinary trefoil factor 1, as inhibitors of renal stone formation; and
ceruloplasmin, as a potential promoter of lithogenesis. In addition, urinary cortisol and
steroid metabolites would be measured to assess glucocorticoid and mineralocorticoid
activity. The specific plasma measurements would assess osteocalcin, B-crosslaps and
parathyroid hormone concentrations, as these have recently been identified as indicators of
increased lithogenic risk(33). In addition, plasma cortisol, ACTH, aldosterone and renin
would be measured to assess for glucocorticoid, mineralocorticoid and HPA activity.
Analyses of these data would then be undertaken to examine for an association between low
birth weight and lifetime risk of renal stone formation, as well as for associations between
the measurements obtained from the urinary and plasma samples and birth weight. Such
studies, which would aid in the understanding of the aetiology of the developmental origin
of renal stone disease, are currently not possible as epidemiological birth cohorts with data
on renal stone disease and the relevant urinary and plasma measurements are not available
and hence a prospective study is required. However, such a prospective study could be
facilitated by collecting the required data on renal stone disease and associated urinary and
plasma measurements and combining this with birth weight data already collected by
established epidemiological cohorts, for example the Hertfordshire Cohort Study(34) and the
Southampton Women’s Survey(35). The Hertfordshire Cohort Study already provides data
on birth-weight and growth during early postnatal life, diet, blood pressure, fracture history
and bone mineral density, as well as indices of socioeconomic status during childhood and
adulthood(34); recalling participants, the majority of whom are in their seventh and eighth
decades of life, from this cohort to ascertain the occurrence of renal stone disease as well as
measurements of relevant urinary and plasma markers for nephrolithiasis would facilitate an
analysis for association between the occurrence of renal stone disease and the parameters of
fetal and early postnatal development. The Southampton Women’s Survey provides further
data on maternal nutrition, physical activity and other lifestyle characteristics as well as
body composition prior to conception(35), and recall and assessment for renal stone disease,
and urinary and plasma studies of the participating offspring, for whom growth data to the
age of four years is available, would facilitate the association studies. Thus, prospective
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studies, which gather data related to renal stone disease from the established birth-cohorts
are likely to be the most efficient way of testing the hypothesis of fetal programming in
renal stone disease.

Conclusion

In conclusion, fetal developmental programming has been implicated in hypertension, type 2
diabetes, metabolic syndrome, and osteoporosis. We propose that early prenatal environment
also influences the lifetime risk of developing renal stone disease and that this may involve
constitutive HPA activation with excess glucocorticoid and mineralocorticoid activity.
Validation of this hypothesis and an understanding of the precise mechanisms that underlie
it may help to identify individuals at risk of the condition, give further insight into
pathogenesis and lead to novel interventions in early life to modify the risk of developing
the debilitating condition of recurrent renal stone disease.

Acknowledgments

S.A.H. is a Wellcome Trust Clinical Research Training Fellow. M.H.E. is an Arthritis Research UK Clinical
Research Training Fellow. CC and RVT are supported by the Medical Research Council (MRC), UK.

References

1. Scales CD, Smith AC, Hanley JM, Saigal CS. Urologic Diseases in America Project. Prevalence of
kidney stones in the United States. Eur Urol. Jul; 2012 62(1):160-5. [PubMed: 22498635]

2. Monico CG, Milliner DS. Genetic determinants of urolithiasis. Nat Rev Nephrol. Mar; 2012 8(3):
151-62. [PubMed: 22183508]

3. Coe FL, Evan A, Worcester E. Kidney stone disease. J Clin Invest. Oct 1; 2005 115(10):2598-608.
[PubMed: 16200192]

4. Wright CA, Howles S, Trudgian DC, Kessler BM, Reynard JM, Noble JG, et al. Label-free
quantitative proteomics reveals differentially regulated proteins influencing urolithiasis. Mol Cell
Proteomics. Aug.2011 10(8) M110.005686.

5. Chutipongtanate S, Nakagawa Y, Sritippayawan S, Pittayamateekul J, Parichatikanond P, Westley
BR, et al. Identification of human urinary trefoil factor 1 as a novel calcium oxalate crystal growth
inhibitor. J Clin Invest. Dec; 2005 115(12):3613-22. [PubMed: 16308573]

6. Lauderdale DS, Thisted RA, Wen M, Favus MJ. Bone mineral density and fracture among prevalent
kidney stone cases in the Third National Health and Nutrition Examination Survey. J Bone Miner
Res. Oct; 2001 16(10):1893-8. [PubMed: 11585355]

7. Obligado SH, Goldfarb DS. The association of nephrolithiasis with hypertension and obesity: a
review. Am. J. Hypertens. Mar; 2008 21(3):257-64. [PubMed: 18219300]

8. Taylor EN, Stampfer MJ, Curhan GC. Diabetes mellitus and the risk of nephrolithiasis. Kidney Int.
Sep; 2005 68(3):1230-5. [PubMed: 16105055]

9. Powell CR, Stoller ML, Schwartz BF, Kane C, Gentle DL, Bruce JE, et al. Impact of body weight
on urinary electrolytes in urinary stone formers. Urology. Jun; 2000 55(6):825-30. [PubMed:
10840085]

10. Kerstetter J, Caballero B, O’Brien K, Wurtman R, Allen L. Mineral homeostasis in obesity: effects

of euglycemic hyperinsulinemia. Metab. Clin. Exp. Jul; 1991 40(7):707-13. [PubMed: 1870424]

11. Whincup PH, Kaye SJ, Owen CG, Huxley R, Cook DG, Anazawa S, et al. Birth weight and risk of
type 2 diabetes: a systematic review. JAMA. Dec 24; 2008 300(24):2886-97. [PubMed:
19109117]

12. Huxley RR, Shiell AW, Law CM. The role of size at birth and postnatal catch-up growth in
determining systolic blood pressure: a systematic review of the literature. J. Hypertens. Jul; 2000
18(7):815-31. [PubMed: 10930178]

13. Silveira VMFD, Horta BL. [Birth weight and metabolic syndrome in adults: meta-analysis]. Rev
Saude Publica. Feb; 2008 42(1):10-8. [PubMed: 18200335]

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Howles et al.

14.

15.

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

Page 6

Baird J, Kurshid MA, Kim M, Harvey N, Dennison E, Cooper C. Does birthweight predict bone
mass in adulthood? A systematic review and meta-analysis. Osteoporos Int. May; 2011 22(5):
1323-34. [PubMed: 20683711]

Forsén T, Eriksson JG, Tuomilehto J, Osmond C, Barker DJ. Growth in utero and during childhood
among women who develop coronary heart disease: longitudinal study. BMJ. Nov 27; 1999
319(7222):1403-7. [PubMed: 10574856]

. Harris A, Seckl J. Glucocorticoids, prenatal stress and the programming of disease. Horm Behav.

Mar; 2011 59(3):279-89. [PubMed: 20591431]

de Vries A, Holmes MC, Heijnis A, Seier JV, Heerden J, Louw J, et al. Prenatal dexamethasone
exposure induces changes in nonhuman primate offspring cardiometabolic and hypothalamic-
pituitary-adrenal axis function. J Clin Invest. Apr; 2007 117(4):1058-67. [PubMed: 17380204]
Newnham JP, Moss TJ. Antenatal glucocorticoids and growth: single versus multiple doses in
animal and human studies. Semin Neonatol. Aug; 2001 6(4):285-92. [PubMed: 11972430]
Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early Hum. Dev. Mar; 1979
3(1):79-83. [PubMed: 118862]

O’Connor TG, Ben-Shlomo Y, Heron J, Golding J, Adams D, Glover V. Prenatal anxiety predicts
individual differences in cortisol in pre-adolescent children. Biol. Psychiatry. Aug 1; 2005 58(3):
211-7. [PubMed: 16084841]

Gutteling BM, de Weerth C, Buitelaar JK. Prenatal stress and children’s cortisol reaction to the
first day of school. Psychoneuroendocrinology. Jul; 2005 30(6):541-9. [PubMed: 15808923]
Huizink AC, Bartels M, Rose RJ, Pulkkinen L, Eriksson CJP, Kaprio J. Chernobyl exposure as
stressor during pregnancy and hormone levels in adolescent offspring. J Epidemiol Community
Health. Apr.2008 62(4):e5. [PubMed: 18365332]

Edwards CR, Benediktsson R, Lindsay RS, Seckl JR. Dysfunction of placental glucocorticoid
barrier: link between fetal environment and adult hypertension? Lancet. Feb 6; 1993 341(8841):
355-7. [PubMed: 8094124]

Phillips DI, Barker DJ, Fall CH, Seckl JR, Whorwood CB, Wood PJ, et al. Elevated plasma
cortisol concentrations: a link between low birth weight and the insulin resistance syndrome? J
Clin Endocrinol Metab. Mar; 1998 83(3):757-60. [PubMed: 9506721]

Reynolds RM, Walker BR, Phillips DI, Dennison EM, Fraser R, Mackenzie SM, et al.
Programming of hypertension: associations of plasma aldosterone in adult men and women with
birthweight, cortisol, and blood pressure. Hypertension. Jun; 2009 53(6):932—-6. [PubMed:
19380612]

Ishimoto H, Jaffe RB. Development and function of the human fetal adrenal cortex: a key
component in the feto-placental unit. Endocr. Rev. Jun; 2011 32(3):317-55. [PubMed: 21051591]
Chang H-Y, Hsu C-H, Tsai J-D, Li S-T, Hung H-Y, Kao H-A, et al. Renal calcification in very low
birth weight infants. Pediatr Neonatol. Jun; 2011 52(3):145-9. [PubMed: 21703556]

Ashton N, Al-Wasil SH, Bond H, Berry JL, Denton J, Freemont AJ. The effect of a low-protein
diet in pregnancy on offspring renal calcium handling. Am. J. Physiol. Regul. Integr. Comp.
Physiol. Aug; 2007 293(2):R759-65. [PubMed: 17567711]

Runyan AL, Chhokar VS, Sun Y, Bhattacharya SK, Runyan JW, Weber KT. Bone loss in rats with
aldosteronism. Am. J. Med. Sci. Jul; 2005 330(1):1-7. [PubMed: 16020992]

Cappuccio FP, Markandu ND, MacGregor GA. Renal handling of calcium and phosphate during
mineralocorticoid administration in normal subjects. Nephron. 1988; 48(4):280-3. [PubMed:
3362272]

Gandhi MS, Deshmukh PA, Kamalov G, Zhao T, Zhao W, Whaley JT, et al. Causes and
consequences of zinc dyshomeostasis in rats with chronic aldosteronism. J. Cardiovasc.
Pharmacol. Sep; 2008 52(3):245-52. [PubMed: 18806605]

. Faggiano A, Pivonello R, Melis D, Filippella M, Di Somma C, Petretta M, et al. Nephrolithiasis in

Cushing’s disease: prevalence, etiopathogenesis, and modification after disease cure. J Clin
Endocrinol Metab. May; 2003 88(5):2076—-80. [PubMed: 12727957]

Arrabal-Polo MA, Arrabal-Martin M, de Haro-Mufioz T, Poyatos-Andujar A, Palaeo-Yago F,
Zuluaga-Gomez A. Biochemical determinants of severe lithogenic activity in patients with
idiopathic calcium nephrolithiasis. Urology. Jan; 2012 79(1):48-54. [PubMed: 21908029]

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIOSNUBIA JouIny sispund OINd 8doin3 ¢

Howles et al.

Page 7

34. Syddall HE, Aihie Sayer A, Dennison EM, Martin HJ, Barker DJP, Cooper C. Cohort profile: the
Hertfordshire cohort study. Int J Epidemiol. Dec; 2005 34(6):1234-42. [PubMed: 15964908]

35. Inskip HM, Godfrey KM, Robinson SM, Law CM, Barker DJP, Cooper C, et al. Cohort profile:
The Southampton Women’s Survey. Int J Epidemiol. Feb; 2006 35(1):42-8. [PubMed: 16195252]

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.



s1dLIOSNUBIA JoLINy sispund JINd 8doin3 g

s1duosnuBlA Joyiny sispund OINd edoin3 g

Howles et al.

Association of low birth weight with nephrolithiasis-related conditions
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