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Cardiovascular disease is a major cause of death throughout the world. Hypertension
is a risk factor for cardiovascular disease, which is caused by a combination of
genetic, environmental and lifestyle factors. It is hypothesised that matemal nutrition
during pregnancy may also contribute to the risk of adult hypertension in her
offspring. A rat model has been developed which supports this hypothesis. Rats are
fed either a 9% casein (low protein) diet or an 18% casein (control) diet throughout
pregnancy. The offspring of the low protein fed rats have elevated blood pressure in
later life compared with controls. This thesis examines the role of the renin-
angiotensin system in the development of the elevated blood pressure observed in this
rat model.

Feeding a 9% casein diet during pregnancy led to a decrease in weight gain
compared to rats fed a control diet, but did not effect litter size. The offspring were of
low to normal birthweight, and had a tendency to gain more weight than control rats
in later life. Systolic blood pressure was significantly elevated from 4 weeks of age in
the rats exposed to a maternal low protein diet compared, with control rats.

Plasma renin activity, angiotensin Il and angiotensinogen concentrations were
unchanged 1n the offspring of rats fed a low protein diet compared with rats fed a
control diet. Pulmonary angiotensin converting enzyme (ACE) activity tended to be
higher in the low protein exposed rats from early life, compared with control rats.
This difference was statistically significant by 12 weeks of age. Urinary
prostaglandin E2 (PGE2) excretion was elevated in the offspring of rats fed a low
protein diet. Urinary PGE2 excretion was also measured in a group of children whose
birth characteristics were known. PGE?2 concentration was inversely correlated with
head circumference and ponderal index, which are markers of fetal growth.

Intervention with an ACE inhibitor (captopril) reduced the blood pressure in the low
protein exposed rats to control levels during the treatment period. Early treatment
with captopril or losartan (an angiotensin II receptor antagonist) prevented the onset
of hypertension in this model and had no effect upon the blood pressures of the
control rats. Treatment with an alternative anti-hypertensive drug (nifedipine), which
does not target the renin-angiotensin system, had no effect upon the blood pressures
of the low protein exposed rats.

This thesis supports the hypothesis that maternal diet during pregnancy programmes
blood pressure in her offspring. The results show that the renin-angiotensin system 1s
altered in this model of maternal-diet-induced hypertension. The results of the
intervention studies are suggestive of a role for the renin-angiotensin system in the
development of the elevated blood pressure that is observed in the low protein
exposed rats. These findings also show that the development of elevated blood
pressure in this model 1s preventable. This may have implications for future public
health.



Contents

Tables 4
Figures 6
Acknowledgements 7
Abreviations 9
Chapter 1... 10
T EOUCIO L ..o et 10
LEETattire REVIEW ..ot 11
1.1, Cardiovascular DISEASE ............oiiv i 11

1.2, BIOOG PIESSUIE ...ttt et 11

1.3. Hormonal control of blood pressure ... 13
1.3.1. The Renin-angiotensin SYSIEIMI. ... oot i i 14
1.3.2. ProstaglandiniS. ... 19

1o HIYPEITEISION. ..o oottt et 21
1.4.1. Genetic factors relating 10 NyPertension. ... ... e 22
1.4.2. Environmental and lifestyle factors relating to hypertension................oooiiiies 23
1.4.3. Renal disease and hyPertensiOn ... 23
1.4.4. Maintenance of BYPErtensiON. ..o 24

1.5. Treatment Of BYPErtenSION. ... ..ot 25

1.6. Fetal origins of YPertension ............c...oo i 30

1.7, PIOGTAIITIDE (..ot eeii ettt 32

1.8. Possible criticisms of the “fetal origins’ hypothesis ... 34

1.9, Fetal DeveIODIIENt. ... oo ek 35
1.10. Animal models of the fetal origins of disease ... 36
1.11. Mechanisms Of PrOGIAIMITIIIGZ ........c.ooitriiitit it oottt e e a e e ae s 38
T2 RIS oo e 41
Chapter 2 42
Methods 42
2 AIINAIS e 42

2.2. Dietary protocol during PregranCy ... ....ooooo ittt e aa e 42

2.3, OFESDIINE ..ottt et 43

2.4. Blood pressure determination ...ttt e 43

2.5, DIIUZITSALIMEIILS L.o.oot ittt ettt e e e e e 44
2.5.1. Captopril treatment inadult vafS ... 44
2.5.2. Early captopril TrEAIMENT . ... ......oii ittt e 44
2.5.3. Early losartan or nifedipine tréatment. ...............oooiiiiiiiie e 47

2.6, UTNE COMECTIONS ..ottt et et 47

2.7, Culling and tiSSUE COMECHION ...o.iooiiiiiiiiiii ittt 47

2.8. Recruitment of human SuBJECLS ... 47

2.9. Biochemical MEasUFEMIEIIES. ... ...cii ittt 48
2.9.1. Determination of pulmonary angiotensin converting enzyme (ACE) activity........................ 48
2.9.2. Determination of protein content of HISSUE ... ........ocooii it 49
2.9.3. Determination of plasma renmin ACHVILY ........c.ooiiiiiriieie it 49
2.9.4. Determination of plasma angiotensin Il concentrations................cooo 50
2.9.5. Determination of plasma angiotensinogen coneentrations. ... ..o 51
2.9.6. Determination of urinary prostaglandin E, concentrations ...................ccoooiin 52
2.9.7. Determination of urinary 6-keto-PGF, concentration ... 53
2.9.8. Determination of urinary Creatinie .............ocooiiiiiiiiiiiio it 53
2.9.9. Determination of 15-hydroxy prostaglandin dehydrogenase (PGDH). ... 54
2.10. Statistical AnALYSIS .. .o o e 54
Chapter 3: part 1 e 55



The effect of feeding a low protein diet upon maternal weight gain and growth of the

offspring. 55
OO T 11 e 11 o o+ BSOSO R U USSR S U TUUSOUP USROS P UUPUUU SRR 55
B2 MEENOES. .o e 56
33 RIS oo e e 57

3.3.1 Effect of feeding a low protein diet during pregnancy on maternal dietary intake and weight gain.
......................................................................................................................................................... 57
3.3.2. Effect of feeding a maternal low protein diet on the fetal and placental weights at day 14 of
PTEEIATICY . . oeoeveeiie ot e e s e ee e et ettt e e oot e e e 57
3.3.3 Effect of feeding a maternal low protein diet on the body weights of the offspring. ................. 58
3.3.4. The effect of feeding a maternal low protein diet on the organ weights of the offspring........... 58
3.3.5 The effect of feeding a maternal low protein diet on the blood pressures of the offspring. ... 58
3.5 DHSCUSSION ..ottt ittt sttt b n et e et as ettt eas s et teeh e ees e e es st b ar s eab et s b h e sn ok ea et R et et nn e 69

Chapter 3: part 2 75
3.6 TMIOAUCHION ..ottt ottt ettt ettt sttt 75
BT MEEROUS. ..ottt a ettt 76
B8 RIS .o et e 76

3.8.1 The effect of feeding a maternal low protein diet on the plasma renin activity, angiotensin Il and
angiotensinogen concentrations in the of fSpring. ... 76
3.8.2 The effect of feeding a low protein diet during gestation on pulmonary ACE activity in the
mother and the OffSPIING. ... e 77
3O DHSCUSSION ...ttt et ettt 86

Chapter 4: part 1 91

The effect of feeding a maternal low protein diet on prostaglandin excretion in the

offspring. 91
4.1, TIITOAUCTION ..ottt et ettt 91
A2, MEEROS. ..o e e 92
G.30 RESUIES ..o 93

4.3.1. The effect of feeding a maternal low protein diet upon urinary prostaglandin excretion in the

OFESPTINE. (oot eet et ettt 93

43 2. The effect of feeding a maternal low-protein diet on tissue PGIDH activity in the offspring. ...93
G4, DHSCUSSION L.o.oeit ittt ettt ettt sttt ettt e et 102

Chapter 4: part 2 166

Urinary prostaglandin excretion in 10 year old children and its relationship with the

risk of hypertension in later life. 166
4.5, IIITOTUOTIOTI ...l e e ettt 106
4.6, MEEROAS. ..o e 107
7. RESUIES. ..o oottt e 108

471, Birth CharacteriStiCs .. oo et 108
4.7.2. Currenit CharaClerISOS ... ..ottt e e 108
4.7.3. The relationship between birth characteristics, current characteristics and urinary PGE,
COMCEIITATIONS. ... .1t ettt ettt ettt e ettt et re ettt ettt 108
4B DHSCUSSION ... oeiiiee ettt ettt ettt ettt e et e 121
Chapter S: Part 1 125
The effect of captopril treatment on 10-week-old rats exposed to a maternal low
protein diet in utero. 125
S0 IMPOAUCHION: ..o e 125
5.2 MIBEROMS. ..ot e e 125
5.3, RESUIS ..o e et e 126
5.3.1. The effect of captopril treatment on the blood pressures of rats exposed to a maternal low
PIOLEIN QHBE. e 126



5.3.2. Effect of captopril treatment on 6-keto PGF €XCretion. ..........oooviiiiiiiiece e 127

5.3.3. The effect of feeding a maternal low protein diet on the organ weights of the offspring.......... 127
5.3.4. Effect of captopril treatment on pulmonary ACE activify. .........coooiiiiiiiiiiieie e 127
B4 DHSCUSSIOTE ..o ittt ettt ettt ettt 134
Chapter 5: Part 2 139
Long Term Effects of Early Captopril Treatment on Rats Exposed to Maternal Low
Protein Diets. 139
5.5, TITOAUCHON .. ..ottt ettt ettt e e ettt 139
5.6, MEtBOAS. ... 139
57 RESUIS oo e et 140
5.7.1. The effects of captopril treatment on the body weights of rats exposed to a maternal low protein
GEBE oo ettt et 140
5.7.2. The effects of early captopril treatment on the blood pressures of rats exposed to a maternal low
PIOEIN QHET ..o et 141
5.7.3. The effect of maternal diet and captopril treatment on organ weights ... 141
B8 DHSCUSSION ..o euiiiiiiiees it eicent et et eae ettt e sttt e st e e et e s e eb e ea e et ea oottt e 150
Chapter 6 157
Long-Term Effects of Losartan or Nifedipine Treatment on the Blood Pressures of
Rats Exposed to Maternal Low Protein Diets. 157
6.1 TIITOAUCTION ...ttt ettt sttt e e ettt 157
6.2 METNOMS. ... 158
6.3 RBSUIS ..ottt 158
6.3.1. The effects of losartan and nifedipine treatment on body welight. ... 158
6.3.2. The effects of early losartan or nifedipine treatment on blood pressure.............................. 159
6.4, DIHSCUSSION ..ot oottt ettt ettt een et 164
Chapter 7 169
General discussion 169
References 180
Appendices 207




Tables

Table 1.1. Categories of Human Hypertension.................coccoo oo 22
Table 1.2. Classification of anti-hypertensive agents. ...........ccoocv oo 25
Table 1.3. Classification of ACE inhibifors . ......c..o.ooooiiiiiiiiie e 26
Table 2.1. Day to day and within day variation of systolic blood pressure measurements
in rats, using an inflatable tail cuff. ... 45
Table 2.2. Effect of time spent in the restraint tube on the systolic blood pressures of rats
using the tail cuff method. ... 46
Table 3.1. The effects of feeding a low protein diet on food intake during pregnancy
compared to a control dIet. ... 60
Table 3.2. The effect of feeding a low protein diet on weight gain during pregnancy,
compared to a control diet. ... 61
Table 3.3. The effect of feeding a low protein diet on feed efficiency during pregnancy,
compared t0 8 control diet. ...........cooooiiiiiii e 62
Table 3.4. The effect of feeding a low protein diet during different discrete periods of
pregnancy on fetal and placental weights at day 14 of gestation. ............................. 63
Table 3.5. The effects of feeding a maternal low protein diet on birth weights of the
offspring and Her S1Z€............o.ooioiiii e 64
Table 3.6. The effects of feeding a maternal low protein diet on the body weights of the
offspringat 4,9 and 12 weeks 0f aZ€. ..o 65
Table 3.7. The effect of feeding a maternal low protein diet on the organ weights of the
offspring at 12 weeks 0f 8ge. ..o 66
Table 3.8. Effect of feeding a maternal low protein diet on the blood pressures of the
offspring at 4 weeks 0f a@e. ..o 67
Table 3.9. The effect of intrauterine exposure to a low protein diet on plasma renin and
angiotensin I concentrations at 4 weeks of age. ... 79
Table 3.10. The effect of intrauterine exposure to a low protein diet on plasma renin,
angiotensin II and angiotensinogen concentrations at 12 weeks of age.................... 80
Table 3.11. The effect of feeding a low protein diet during pregnancy on pulmonary
ACE activity in the fetus at day 14 of pregnancy...........c...ooooiveiiiiencicniecece 81
Table 3.12. The effect of feeding a low protein diet during pregnancy on the pulmonary
ACE activity of the fetus at day 20 gestation. ............c..ccoooviiiiiiiiccc 82
Table 3.13. The effect of feeding a low protein diet during pregnancy on neonatal
pulmonary ACE activity in the offspring at birth........................n 83
Table 3.14. The effect of feeding a maternal low protein diet during pregnancy on the
pulmonary ACE activity of the offspring at 4 weeks of age. ... 34
Table 4.1. The effect of feeding a maternal low protein diet on the PGDH activity in the
placentae of the OffSPring. ........coooiiiiiiie e 97
Table 4.2. The effect of feeding a maternal low protein diet on the PGDH activity in the
spleen of the offSPring. ... 98
Table 4.3. Birth characteristics of study SUbJECTS............ccoiiiiii i 110
Table 4.4. Current characteristics of study SUbJECES.........cocooiiiiiiiiiii 111



Table 5.1. The effect of giving captopril in drinking water on fluid intake in rats exposed

to either an 18% or a 9% protein diet i72 ulero. ..........ccoooveiiiiiiiiii i 128
Table 5.2. The effect of captopril on systolic blood pressure in rats exposed to either an
18% protein or a 9% protein diet in utero, over 14 day of treatment...................... 130
Table 5.3. The effect of maternal diet and captopril treatment on urinary 6-keto-PGFla
concentrations at 12 weekS 0f age. ... 131
Table 5.4. The effect of feeding a maternal low protein diet on the organ weights of the
offspring at 12 weeks of age. ... 132
Table 5.5. The effect of captopril treatment on pulmonary ACE activity in 12 week old
rats exposed to a maternal low protein diet in wufero. ... 133
Table 5.6. The effect of feeding a maternal low protein diet on the birth weights of the
OTESPTING. ..ot 143
Table 5.7. The effects of early captopril treatment on body weights at 4 and 12 weeks of
age, of male rats exposed to a maternal low proteindiet ... 144
Table 5.8. The effects of early captopril treatment on body weights at 4 and 12 weeks of
age, of female rats exposed to a maternal low protemn diet...................c 145
Table 5.9. The effects of early captopril treatment on systolic blood pressures at 4 weeks
of age, of male and female rats exposed to a maternal low protein diet.................. 146
Table 5.10. The effects of early captopril treatment on systolic blood pressures at 12
weeks of age, of rats exposed to a maternal low proteindiet.....................ccocoen. 147
Table 5.11. The effects of early captopril treatment on kidney and lung weights at 12
weeks of age, of male rats exposed to a maternal low protein diet......................... 148
Table 5.12. The effects of early captopril treatment on kidney and lung weights at 12
weeks of age, of female rats exposed to a maternal low protein diet....................... 149
Table 6.1. The effects of losartan or nifedipine treatment on the body weights of rats
exposed to a maternal low protein or control diet. ................ccoooiiiiiiiii 161
Table 6.2. The effect of early losartan or nifedipine treatment on the blood pressures rats
exposed to a maternal low protein or control diet. .................ccoovieieiiiiiiii 162



Figures

Figure 1.1. The main effects of angiotensin I ... 15
Figure 1.2. The renin-angiotensin SYSIEM........ocoiiiiiiiiiiieicee s 16
Figure 1.3. Prostaglandin metaboliSmu.. ... 20
Figure 1.4. Hypothetical model of ACE inhibition...............ccccooiiiiiiiiiccicc 27
the offspring at 4 weeks 0f 88, ... 67
Figure 3.1. The effect of feeding a maternal low protein diet on the systolic blood
pressure of the offspring at 12 weeks of age. ... 68
Figure 3.2. The effect of intrauterine exposure to a maternal low protein diet on
pulmonary ACE activity in later life. ... 85
Figure 4.1. The effect of feeding a low protein diet during pregnancy on urinary
prostaglandin E, excretion in the offSpring. ... 95
Figure 4.2. The effect of feeding a low protein diet during pregnancy on urinary 6-
ketoPGF, excretion in the offSpring. ... 96
Figure 4.3. The effect of feeding a low protein diet during pregnancy on renal PGDH
activity in the offSPring. ... 99
Figure 4.4. The effect of feeding a low protein diet during pregnancy on hepatic PGDH
activity 1n the offSPIING. ... 100
Figure 4.5. The effect of feeding a low protein diet during pregnancy on pulmonary
PGDH activity in the offSpring................oocooiiiioiii e 101
Figure 4.6. Urinary PGE; concentration plotted against 8¢ ............ccococoviinciriinennn. 112
Figure 4.7. Urinary PGE, concentration plotted against current height incms............ 113
Figure 4.8. Urinary PGE, concentration plotted against current weight in kgs........... 114
Figure 4.9. Urinary PGE, concentration plotted against current systolic blood pressure
.................................................................................................................................. 115
Figure 4.10. Urinary PGE, concentration plotted against current diastolic blood pressure
.................................................................................................................................. 116
Figure 4.11. Urinary PGE, concentration plotted against birth weight in grams .......... 117
Figure 4.12. Urinary PGE, concentration plotted against ponderal index..................... 118

Figure 4.13. Urinary PGE, concentration plotted against head circumference at birth. 119
Figure 5.1. Change in blood pressure with captopril treatment over two weeks in rats
exposed to either a 9% or an 18% protein diet in utero ..........c.occocccevvceeconiinennn. 129
Figure 6.1. The effect of early nifedipine or losartan treatment on the systolic blood
pressures of rats exposed to a maternal low protein diet............ et 163
Figure 7.1 Possible mechanisms involved in the programming of hypertension in the low
protein rat MOl ... 179



Acknowledgements

I am very grateful to Dr Simon Langley-Evans and Prof. Alan Jackson for their
supervision, help and encouragement. 1 would like to acknowledge Dr P. Clark and Mr
T. Wheeler for their help with subject recruitment and sample collection and Dr C.

Osmond for his help with some of the statistics.

Thanks to the guys in all the labs I’ve worked in (both at Boldrewood and at the General
Hospital) — you’ve all helped at one time or another! Cheers to all the Wessex Lane
Wardens (past and present) for entertaining me, keeping me sane and generally giving me

something else to worry about!

Thank you to my family — Dad and Sharman, Gran and Grandad Parry, Andrew, Melissa,
Tasha and James for their support during this period. [ would especially like to thank

Dad, Andrew and James for computers and technical advice!!

Thank you to everyone who has helped, supported and put up with me over the last four

years — you know who you are!

This PhD was funded by a studentship from the Medical Research Council, for which I
am very grateful!



Publications

Papers:
Langley-Evans SC, Welham SJM, Sherman RC, Jackson AA. Weanling rats exposed to maternal low
protein diets during discrete periods of gestation exhibit differing severity of hypertension. Clinical

Science 1996; 91: 607-615.

Sherman RC & Langley-Evans SC. Early administration of angiotensin converting enzyme inhibitor
captopril, prevents the development of hypertension programmed by intrauterine exposure to a maternal
low protein diet in the rat. Clinical Science 1998; 94: 373-381.

Langley-Evans SC, Sherman RC, Welham SJM, Nwagwu Gardner DS, Jackson AA. Intrauterine
programming of hypertension: The role of the renin-angiotensin system. Biochem.Soc. Trans. 1999; 27:
88-93.

Sherman RC, Jackson AA, Langley-Evans SC. Long term modification of the excretion of prostaglandin
E2 by fetal exposure to a maternal low protein diet in the rat. Ann. Nutr. Metab; 43: 98-106.

Sherman RC, Langley-Evans SC. Antihypertensive treatment in early postnatal life modulates prenatal
dietary influences upon blood pressure, in the rat. Clinical Science. Submitted.

Abstracts:
Sherman RC, Langley-Evans SC. Elevated urinary excretion of prostaglandins in rats exposed to a

maternal low protein diet. Clinical Science 1997; 92: 13p.

Langley-Evans SC, Sherman RC, Welham SJM, Jackson AA. Fetal exposure to maternal low protein diets
during discrete periods of pregnancy induces hypertension in the rat. Clinical Science 1997, 92: 13p.

Sherman RC, Jackson AA, Langley-Evans SC. The role of the renin-angiotensin system in the intrauterine
programming of hypertension. The Proceedings of the 1 6" International Congress of Nutrition. 1997:
PR131.

Sherman RC, Jackson AA, Langley-Evans SC. The role of the renin-angiotensin system in the intrauterine
programming of hypertension. The Proceedings of the Nutrition Society 1998; 57: TOA.

Sherman RC, Jackson AA, Langley-Evans. The role of the renin-angiotensin system in the fetal origins of
hypertension. Clinical Science 1998; 94: 1p.

Sherman RC, Jackson AA, Langley-Evans SC. 15-Hydroxy-prostaglandin dehydrogenase activity is
altered in a rat model of the fetal origins of adult hypertension. The Proceedings of the Nutrition Society
1998; 58: S1A.

Sherman RC, Jackson AA, Langley-Evans SC. Early losartan treatment prevents the onset of hypertension
in rats exposed to a maternal low protein diet in utero. J. Endocrinology 1999; 160: P160.



Abreviations

ACE
ACTH
ANOVA
AT
ATP
BCA
BSA
CHD
CO,
CoV
CRF
CVvD
°C

DOCA

GPDH

GS
HC]

11p-
HSD
IGF
Kg

Mg
MmHg
Mol
MRC

angiotensin converting enzyme
adrenocorticotrophin hormone
analysis of variance
angiotensin I receptor
adenosine triphosphate
bicinchoninic acid

bovine serum albumin
coronary heart disease

carbon dioxide

coefficient of variance
corticotrophin releasing factor
cardiovascular disease
degrees centigrade

day

deoxycorticosteroid treated
gram

glycerol-3-phosphate
dehydrogenase

glutamine synthase
hydrochloric acid
hippuryl-histidyl-leucine
hypothalmic-pituitary-adrenal

11B8-hydroxysteroid dehydrogenase

insulin-like growth factor
kilogram

litre

milligram

millimetres of mercury
moles

Medical Research Council

number

NAD
NaOH
ng
NIDDM
NS

OD

PDGF
pg

PG
PGDH
pmol
SDS
SEM
SHR
St.dev
TAT

nicotinomide adenine dinucleotide
sodium hydroxide

nanograms

non-insulin dependant diabetes mellitus
not significant

optical density

probability value

platelet derived growth factor
picagrams

prostaglandin

15-OH-prostaglandin dehydrogenase
picamoles

Special Diet Services

standard error of the mean
spontaneously hypertensive rat
standard deviation

tyrosine aminotransferase



Chapter 1

Introduction

Non-communicable diseases are a major and increasing public health concern globally.
They are caused by a combination of genetic, environmental and lifestyle factors.
Investigation and determination of the factors that affect these diseases is important in
order to provide information to aid strategies which may lead to their treatment and
prevention. Epidemiological research has led to the recognition that fetal growth
retardation may affect the risk of disease in later life. It is hypothesised that maternal
nutrition may permanently programme the physiology of her offspring. The mechanisms,
which may link maternal diet during pregnancy to disease in her offspring, are currently

being investigated.

Hypertension is a major risk factor for cardiovascular disease, which is the most common
cause of death in the western world and an increasing problem in developing countries.
Epidemiological studies have shown a relationship between intrauterine growth
retardation and an increased risk of hypertension in later life. A rat model has been
developed which has provided evidence that supports the hypothesis that maternal diet
during pregnancy programmes blood pressure in her offspring. Rats are fed either a 9%
casein (low protein) diet or an 18% casein (control) diet during pregnancy. The offspring
of rats fed a low protein diet have elevated blood pressures compared with control rats.
This thesis contains a series of studies, the first of which aims to reproduce the rat model
of maternal-diet-induced hypertension. The aim of the second set of studies is to
characterise the renin-angiotensin system in the offspring of the low protein fed rats. The
following chapter examines changes in prostaglandins that may relate to alterations of the
renin-angiotensin system. Further studies concentrate more specifically on the role of
angiotensin II in the development of high blood pressure in this model, by using targeted

interventions.
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Literature Review

1. 1. Cardiovascular Disease

Cardiovascular disease (CVD) is the most common cause of death in most industrialised
countries. In 1990, Coronary Heart Disease accounted for 27% of all deaths in the
United Kingdom and stroke for 12%. CHD accounts for 30% of all male deaths in the
UK and stroke for 9%, compared with 23% and 15% of deaths, respectively, for women
(Department of Health, 1994). There are a number of factors, including genetic,
environmental and behavioural factors, which are accepted to affect the risk of
cardiovascular disease. One of the major factors which has been found to be directly
related to the risk of CVD is blood pressure (Stamler ef af, 1993). A linear relationship
between CVD incidence and diastolic blood pressure was shown by MacMahon et a/
(1990) in an overview analysis of 9 prospective studies, which together followed
approximately 420,000 adults for an average of 10 years. These results were found to be
independent of sex, age, and ethnicity. MacMahon and colleagues also found that a
sustained reduction of raised blood pressures with hypotensive agents significantly
reduced the incidence of CVD. A 5-6mm Hg reduction in diastolic pressure was
associated with a 14% reduction in acute coronary events. The British regional heart
study sampled 7735 men from 24 towns and found strong associations between town
mean blood pressure and town cardiovascular mortality rates, particularly for systolic

blood pressure (Shaper ef a/, 1981).

1.2. Blood pressure

The circulatory system serves to transport and distribute essential substances to the
tissues and to remove by-products of metabolism. It also shares in such homeostatic
mechanisms as regulation of body temperature, humoral communication throughout the
body and adjustments of oxygen and nutrient supply in different physiological states.
The cardiovascular system consists of a pump (the heart), a series of distributing and
collecting tubes (arteries and veins) and an extensive system of thin vessels that permit

rapid exchange between the tissues and the vascular channels (capillaries). The heart
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consists of two pumps in series: one to propel blood through the lungs for exchange of
oxygen and carbon dioxide and the other to propel blood to all other tissues of the body.
Blood is the vehicle of transportation. It is a suspension of various types of cells in a
complex aqueous medium, the plasma. The elements of blood serve multiple functions

essential for metabolism and the defence of the body against injury (Berne & Levy,
1988).

Blood pressure is the pulsating pressure of blood on the walls of the main arteries, and it
is measured both at its highest pressure (systolic pressure), which occurs when the heart
is contracting, and at the lowest pressure (diastolic pressure) when the heart is relaxed.
Blood pressure can be measured using a number of methods, including direct methods
such as a catheter or needle being introduced into peripheral arteries of patients so that
arterial blood pressure can then be measured by means of strain guages. Ordinarily,
however, it is estimated indirectly by means of a sphygmomanometer. This involves
inflating an inextensible cuff, usually around the upper arm to occlude the artery then
listening for the sound of the blood flow returning whilst allowing the cuff to deflate.
The pressure at which the first sound is detected represents the systolic blood pressure,

and the point at which the sounds disappear indicates the diastolic pressure.

Blood pressure is the relationship between cardiac output and total resistance in the
peripheral blood vessels and is regulated by a number of mechanisms. Short term
variations in blood pressure are detected by neural mechanisms such as chemoreceptors
and baroreceptors which are sensitive to changes in blood gas saturation and pressure or
volume in the vasculature (Watson ez a/, 1980). Long term blood pressure is controlled

primarily by the kidney which controls blood volume and by local hormonal systems and

metabolites (Guyton, 1991).

Blood pressure is a continuous variable for which the distribution differs between
populations and is dependent upon age, gender, race and environmental factors. For

these reasons it is difficult to classify blood pressure as ‘normal’ or ‘high’. It is
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convenient to classify blood pressure for purposes of diagnoses and treatment but
important to remember that the classifications are arbitrary (Materson, 1987).
Hypertension is considered to be a blood pressure at which the individual is at an
increased risk of cardiovascular disease, but it is important to recognise that the risk of

cardiovascular disease increases throughout the normotensive range.

1.3. Hormonal control of blood pressure

Blood pressure is controlled by an interaction of multiple systems. The factors that affect
blood pressure are cardiac output, blood volume and peripheral resistance. Blood volume
may be affected by haemorrhage or salt intake, and therefore water retention, for
example. The determinants of peripheral resistance are viscosity of blood and blood
vessel diameter. Viscosity is affected by the number of red blood cells in relation to
solutes and fluid. Dehydration therefore tends to cause an increase in blood pressure
whereas; anaemia or haemorrhage tend to lead to a decrease in blood pressure. Blood
vessel diameter can be affected by certain chemicals (hormones). For example adrenalin,
antidiuretic hormone, and angiotensin II cause vasoconstriction, while prostaglandins,
kinins and histamine cause vasodilation. These hormones also interact with the kidney
to control blood pressure. Renin is released from the macula densa in response to either
decreased sodium delivery or a decrease in pressure in the afferent arteriole. This results
in the production of angiotensin II and then aldosterone, which leads to increased sodium
reabsorption in the distal convoluted tubule and expansion of the extracellular fluid
volume. Increased extracellular fluid osmolality leads to the release of anti-diuretic
hormone, which causes water retention by the kidney in order to increase volume and
pressure. Angiotensin 11 also causes vasoconstriction of the efferent arteriole, which
leads to an increase in glomerular filtration rate and therefore an increase in urine
excretion, decreasing plasma volume and blood pressure. High blood pressure increases

renal blood flow which also leads to increased glomerular filtration rate and therefore a

decrease in pressure.
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1.3.1. The Renin-angiotensin system

The renin-angiotensin system is a system of hormones and enzymes of renal origin
involved in the control of blood pressure (figure 1.2). Renin is an enzyme, which is
formed and stored in granules in the juxtaglomerular cells, of the afferent and efferent
arterioles of the kidney. It acts on an op-globulin (angiotensinogen), carried by the
plasma, to cleave off the decapeptide angiotensin 1. This is then split to form the
octapeptide angiotensin II in the presence of angiotensin converting enzyme (ACE) and
chloride ions. Angiotensin II is a potent vasoconstrictor and is converted, in the adrenal
cortex, by a peptidase to the heptapeptide angiotensin III, which stimulates the secretion

of aldosterone from the adrenal cortex (Campbell, 1992, Bader e al, 1994).

Renin release is stimulated by low plasma sodium content and reduced stretch of the
juxtaglomerular cells (caused by reduced blood pressure in the afferent arterioles). Salt
loading decreases renin activity whilst salt depletion increases it (Laragh, 1992). These
changes in renin activity are accompanied by corresponding changes of the content of
renin and renin mRNA in the kidney (Barrett et a/, 1989). Stimulation of renal
sympathetic nerves induces renin release via activation of B-adrenergic receptors on the
juxtaglomerular cells (Dibona, 1982). A mild increase in renal sympathetic nerve
activity, induced by carotid occlusion, stimulated renin secretion in conscious dogs
(Kirchheim ef al, 1987). Renin release also appears to be mediated by local
prostaglandins. Prostaglandins have been demonstrated to directly stimulate the release
of renin from in vivo and in vitro kidney preparations (Jackson ef al, 1982, Wagner &
Kurtz, 1998). Renin release and subsequent angiotensin Il formation affect vascular tone,
sympathetic nerve activity, adrenal steroid release and central nervous system control of
blood pressure. Generally angiotensin II formation is regulated so as to stabilise blood
pressure and extracellular fluid volume (Griendling & Alexander, 1994, Berne & Levy,

1988, Campbell, 1992).

All of the main effects of angiotensin II (shown in figure 1.1) are likely to result in an

expansion of extracellular fluid volume and an increase blood pressure.
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Figure 1.1. The main effects of angiotensin Il

B Angiotensin 1l and angiotensin 111 stimulate the release of aldosterone from the adrenal
cortex, thus enhancing distal tubular and collecting duct sodium reabsorption (Laragh er

al, 1960).
B Angiotensin II causes systemic vasoconstriction (Griendling & Alexander, 1994).

B Angiotensin 1I stimulates the release of anti-diuretic hormone from the posterior

pituitary (Dzau & Pratt, 1986).

B Angiotensin II acts on sympathetic nerve terminals to enhance neurotransmitter release

(Levens et al, 1981).

B Angiotensin II acts within the brain to stimulate thirst and thereby increase water

intake (Griendling & Alexander, 1994).
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Figure 1.2. The renin-angiotensin system
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Angiotensin II apparently exerts a direct feedback inhibition of renin release (Hackenthal
et al, 1990) and stimulates the release of local prostaglandins (Currie & Needleman,
1984, Wagner & Kurtz, 1998), which should reduce the effect of angiotensin II on blood

pressure.

Angiotensin II reacts with specific receptors on the cell surface. There are two major
sub-types of angiotensin II receptor known as the AT; and AT, receptors. AT receptors
have been shown to mediate contraction of blood vessels, aldosterone secretion, water
drinking and hypertension in renal artery stenosis (Griendling & Alexander, 1994). They
are abundant in the liver, kidney, aorta, adrenal and lung (Murphy ef af, 1991). The
physiological effects of the AT, receptor are unknown, however they are more abundant
in embryonic and neonatal tissues than in adult (Grady et al, 1991), suggesting that they

may have a role in development.

In the studies of the renin-angiotensin system in patients with hypertension, plasma renin
activity has been found to show an inverse association with systolic blood pressure
(Meade ef al, 1983). A small proportion of patients with essential hypertension show
plasma renin levels above the range found for normotensive controls (Thurston ef al,
1978). In rats polymorphisms of the renin gene have been shown to co-segregate and be
associated with raised blood pressure (Rapp er a/, 1989). However, studies in humans
have found no associations between the renin polymorphisms and hypertension (Soubrier
et al, 1990). Association of polymorphisms at the angiotensinogen locus and
hypertension have been observed (Jeunemaitre ef al, 1992). Genetic studies of the
angiotensin converting enzyme have again shown discrepancies between rat models and
humans. Co-segregation of blood pressure with a marker for the ACE locus has been
found in rats (Hilbert et a/, 1991) but not in humans (Jeunemaitre ef af, 1992). The
therapeutic value of drugs which interfere with the renin-angiotensin system, such as
ACE inhibitors, angiotensin receptor antagonists and renin inhibitors, have shown the

importance of the system in blood pressure regulation (Swales, 1994).



It now apparent that as well as the circulating renin-angiotensin system there are also
several local tissue angiotensin 1l producing systems. These have been recognised in the
brain, kidney, adrenal and the arterial wall (Campbell, 1987). Angiotensinogen mRNA
has been detected in the kidney, brain, lung, adrenal and stomach (Campbell, 1987) and
renin mRNA has been detected in the adrenal, heart and testes (Campbell, 1987).

The renin-angiotensin system has also been shown to be active during intrauterine life
(Lumbers 1995) which may be important in the programming of hypertension in later
life. Angiotensin 1l receptors are widely distributed in the fetal mouse (Lumbers, 1985).
The most commonly expressed angiotensin II receptor in the mouse and rat embryo is the
AT, receptor, for which there is no known action (Timmermans ef o/, 1993). The
distribution of renin in the fetal kidney is widespread in comparison to the adult kidney
(Gomez et al, 1988). The placenta has levels of ACE that are equivalent to the adult lung
and is probably a major site of conversion of angiotensin I to angiotensin II (Raimbach &
Thomas, 1990). Angiotensin II has a pressor effect in the fetus but large doses are
required (Lumbers, 1995). This is probably due to the removal of angiotensin II by the
placenta (Lumbers & Reid, 1979). Blocking the renin-angiotensin system with an ACE
inhibitor leads to a fall in arterial pressure in the fetus (Lumbers ef al, 1992). Treatment
with ACE inhibitors during pregnancy has been associated with human neonatal renal
failure (Shubiger ef o/, 1988), suggesting that the fetal renin-angiotensin system plays an

essential role in the maintenance of fetal renal function.

Glucocorticoids have been well-characterised as having a programming effect upon the
developing fetus (Langley-Evans, 1997) and they influence the actions of and are
influenced by the renin-angiotensin system. Glucocorticoids have been shown to induce
the expression of the angiotensin I type 1 receptor in vascular smooth muscle cells (Sato
et al, 1994). A local renin-angiotensin system is found in the adrenal cortex (Robertson
& Nicolls, 1993), where its exact functions are unknown, but it is possible that it

influences the release of adrenal hormones.
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1.3.2. Prostaglandins

Prostaglandins are local hormones that are derived from polyunsaturated fatty acids in
cell membranes (figure 1.3) and effect a wide variety of physiological processes. Renal
prostaglandins are known to mediate blood flow and its distribution within the kidney
and their interactions with the renin-angiotensin system are of particular interest in
hypertension. Prostaglandins PGE, and PGl, are potent renal vasodilators and help to
maintain renal blood flow, specifically in the presence of vasoconstrictor hormones such
as angiotensin II (Moncada & Vane, 1978, Farrario & Flack, 1996). Angiotensin II
stimulates the release of PGE, and PGI, by the kidney, which subsequently blunts the
peptide-induced vasoconstriction (Farrario & Flack, 1996). PGE,, PGI, and 6-keto-PGE;
have a stimulatory effect on the release of renin, which is thought to be mediated by

cyclic AMP (Jackson ef al, 1982, Wagner & Kurtz, 1998).

The pathway leading to the conversion of polyunsaturated fatty acids to prostaglandins is
dependent upon the activity of desaturases. The activities of desaturases involved in the
conversion of linoleic acid to PGE, have been shown to be reduced in animals subjected
to a maternal low protein diet during pregnancy and lactation (De Thomas ef af, 1980 &
1983, Narce et al 1991).  Protein restriction during pregnancy and lactation similarly
exerts a marked effect on the fatty acid composition of liver membrane phospholipids. A
significant decrease in both arachidonic acid and docosahexaenoic acid was found. This
fatty acid pattern was reversed when protein deficient animals were placed on a control

diet at birth (De Thomas ez a/, 1980 & 1983, Narce er al 1991).

Spontaneously hypertensive rats exhibit elevated desaturase activity and apparent
changes in overall hepatocyte fatty acid profiles. Six month old SHRs have been found
to have particularly high desaturase activities and the hepatocyte fatty acid composition
indicated an impairment of n-6 polyunsaturated fatty acid metabolism (Narce ef a/, 1994).
15-Hydroxyprostaglandin dehydrogenase is considered to be the key enzyme in the
degradation of prostaglandins (Tai ef al, 1979, Nagai et al, 1991). Decreased activity of
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Figure 1.3. Prostaglandin metabolism
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this enzyme has been found in the kidneys of spontaneously hypertensive rats (Tai ez al,

1979), which may suggest an overall decreased flow through the pathway.

Many studies indicate an association between high blood pressure and abnormalities in
urinary prostanoid excretion (Nasjletti & Baer, 1988). The two-kidney one-clip rat model
of hypertension exhibits increased urinary PGE, excretion (Lahera er al, 1986), whilst in
spontaneously hypertensive rats excretion is low (Martineau ef al, 1984). Urinary
excretion of 6-keto-PGFla is increased in the lyon strain of genetically hypertensive rat
(Benzoni ef al, 1984) and in rats with angiotensin II induced hypertension (Diz et al,
1983) but not 1n rats with two-kidney one-clip hypertension (Lahera et a/, 1986). Urinary
excretion of PGE, is increased in patients with renovascular hypertension (Zia et al,

1978).

1.4. Hypertension
The Joint National Commission report (1993) defines hypertension as 140 mmHg and
above for systolic blood pressure and 90 mmHg and above for diastolic blood pressure.

The report also categorises hypertension in to 4 groups of severity, as shown in table 1.1.

Hypertension is a disorder of regulatory mechanisms which leads to abnormalities of the
heart and vascular system and damage to other organs. Essential hypertension, or
hypertension of an unknown origin accounts for the majority of cases of elevated blood
pressure in humans and is considered to be a multifactorial disease (Krakoff, 1994).
Considering the complexity and the number of systems involved in the control of blood
pressure 1t is not surprising that it is difficult to pin-point the causes of hypertension. The
major contributing factors are those which underlie predisposition such as genetics and
structure, those that operate to expose predisposition, such as sodium and alcohol intake,
obesity, exercise, smoking and psychosocial stress, and those that operate to maintain
exposure such as renal disease and defects in steroid metabolism e.g. aldosteronism

(Swales, 1994).
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Table 1.1. Categories of Human Hypertension

Category of Systolic Pressure Diastolic Pressure
hypertension (mmHg) (mmHg)

Stage 1 140-159 90-99

Stage 2 160-179 100-109

Stage 3 180-209 110-119

Stage 4 210- 120-

1.4.1. Genetic factors relating to hypertension

A family history of hypertension has been shown to strongly predict the future risk of
developing hypertension in family members, suggestive of a genetic or hereditary
component (Hunt et al, 1986). It is important to remember that immediate family
members are also exposed to similar environmental conditions to one another and that
family histories are often difficult to acquire, making it difficult to differentiate genetic
effects from environmental effects. Taking into account these influences, people with a
positive family history for increased blood pressure have been used to study possible
genetic abnormalities. Animal models are also being used. In rats polymorphisms of the
renin gene and the angiotensin-converting enzyme gene have been shown to be
associated with higher blood pressure (Rapp ef a/, 1989, Hilbert ef al, 1991), however it
has not been possible to reproduce these findings in humans (Morris & Griffiths, 1988,
Jeunemaitre ef al, 1992). Evidence for an effect of both the angiotensinogen gene and the
aldosterone gene has been recognised in human studies (Jeunemaitre et al, 1992,
Manatunga et o/, 1992). There are many forms of hypertension associated with disorders
of mineralocorticoid metabolism that are reported to be familial (Gordon et al, 1994).
The genes encoding many of the steroidogenic enzymes have been characterised. The
syndrome of apparent mineralocorticoid excess is due to a defect of remal 11B-
hydroxysteriod dehydrogenase, which leads to an excess of cortisol at the distal nephron

(Stewart et af, 1988). Tt is likely that there are several different gene mutations, which
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could contribute towards hypertension and may interact with each other and it is

important also to consider interactions with environmental factors.

1.4.2. Environmental and lifestyle factors relating to hypertension

Environmental and lifestyle factors, particularly dietary intake, are potentially the easiest
determinants of hypertension to control or change. Epidemiological studies in 27
different populations have shown correlations between salt intake and blood pressure
(Glieberman, 1973). This has been supported by evidence from intervention studies,
where restriction of salt intake has led to a decrease in blood pressure (McGregor ef al,
1987). Alcohol consumption has also been shown to be related to blood pressure with
high intakes being associated with elevated blood pressure, but in groups consuming
moderate levels intakes are associated with a lower blood pressure than those who
consume no alcohol at all (Gordon & Kannel, 1983). Blood pressure is associated with
body weight, and obesity is considered to be one of the best predictors of risk of
developing hypertension (Gordon & Kannel, 1976). Non-insulin dependant diabetes,
obesity and hypertension are all strongly associated with each other (Pi-Sunyer, 1991)
and it is suggested that abnormalities of insulin metabolism may cause an elevation of
blood pressure either through stimulation of the sympathetic nervous system or increases

renal sodium retention (Reaven & Hoffman, 1987).

1.4.3. Renal disease and hypertension

The majority of patients suffering from renal disease will in time develop hypertension
(Wilkinson, 1994). This is due to the kidneys intimate involvement with the control of
blood pressure through its control of fluid volume and through the renin-angiotensin
system. When hypertension co-exists with renal disease or renal artery stenosis, the renal
defect is usually considered to cause the hypertension (Wilkinson, 1994). Renal artery
stenosis is usually caused by atherosclerosis, or fibromuscular dysplasia in young people
(Bookstein et a/, 1972). It results in reduced blood flow to one or both of the kidneys,
which leads to hypertension and then causes further damage to the kidneys. It is

suggested that hypertension causes glomerulosclerosis, however the mechanisms are not
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clearly understood. Ketteler er af (1995) suggest that transforming growth factor-3
(TGF-B) may be the “missing link” between altered haemodynamics and the
development of glomerulosclerosis. TGF-B is a fibrogenic cytokine, which has been
associated with the development of glomerulosclerosis. It has been demonstrated that
TGF-3 gene expression is induced by angiotensin II and its over-expression leads to
chronic tissue fibrosis (Ketteler er al, 1995). Over-expression of TGF-3 has been
associated with the progression of kidney disease in both humans and experimental
models (Yamamoto er al, 1993). Treatment with ACE inhibitors shows preventative

effects on the course of many renal diseases (Brunner, 1992).

1.4.4. Maintenance of hypertension

Folkow (1978) proposed that following exposure to an initial condition, which results in
hypertension, the raised blood pressure may be maintained and amplified through a
positive feedback mechanism involving structural vascular adaptation induced by a
change in pressure. The positive adaptation suggested was that, following initial
exposure to high blood pressure, hypertrophy of vascular smooth muscle occurs which
results in further elevation of blood pressure. This is supported by evidence from
spontaneously hypertensive rats, which do not develop hypertension long term if they
receive a brief period of early treatment (Harrap ef al, 1990). Lever and Harrap (1992)
have proposed that changes in vascular cell structure may be initiated in early
development by angiotensin I, growth hormone, cortisol or insulin-like growth factors.
In a study by Anderson et al (1993) angiotensin II induced TGF-$ and collagen
synthesis. TGF- has been associated with cell growth that leads to smooth muscle cell
hypertrophy (Gibbons er af, 1992). Angiotensin II has been shown to stimulate
hypertrophic growth of vascular smooth muscle cells (Ttoh ef a/, 1993). In studies of
vessel structure and blood pressure the vessel radius was found to increase rapidly with
small pressure increments until a point where it becomes less distensible (Berry 1978).
At low pressures the elastic arteries act like a tube of elastin, but as pressures increase
there is an increased stiffness which presumably reflects an increased recruitment of

collagen (Berry 1978). Martyn and Greenwald (1997) hypothesised that an impairment
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of elastin synthesis during a critical period of blood vessel development may underlie the
association between intrauterine growth retardation and an increased risk of developing

higher blood pressure in later life.

1.5. Treatment of hypertension

Hypertension can be treated by both pharmacological and non-pharmacological methods,
and a combination is usually recommended. Non-pharmacological treatments include
weight reduction, dietary salt and alcohol restriction, smoking cessation and increasing
activity. Dietary supplements of potassium, calcium, magnesium or fish oil may also
have small effects on reducing blood pressure. Anti-hypertensive drugs are classified in

Table 1.2 (Krakoff, 1994).

Table 1.2. Classification of anti-hypertensive agents.
Classification | Anti-hypertensive agents

A ACE inhibitors, antiadrenergic agents, a-receptor blockers, angiotensin

II receptor antagonists.

B B-blockers
C Calcium antagonists, central active agents
D Diuretics, dilating agents

Drug selection is dependent on several different factors such as the age, ethnicity and
blood pressure of the patient. Any evidence of glucose intolerance or allergies are taken
into account as well as any clinical signs which may give clues as to the mechanism of
hypertension (Krakoff, 1994). Anti-hypertensive drugs are used either on their own or in

combination.

ACE inhibitors
ACE inhibitors are commonly used in the treatment of hypertension. Their action is not
specific and they have other effects that may also influence blood pressure, though their

main action is thought to be the inhibition of ACE, causing a reduction in the production
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of the vasoconstrictor angiotensin II which leads to a reduction of the effects of the

peptide on vascular tone, aldosterone release and renal sodium handling.

The mechanism of action of ACE inhibitors is by competitive inhibition of ACE which
are directed to the active site of the enzyme where they complex with the zinc ion (Figure
1.4) (Shapiro & Riordan 1984). The difference in potency and duration of action of
different ACE inhibitors may be explained by the differences in binding characteristics
(Figure 1.4) (Gohlke & Unger 1994). The different ACE inhibitors are classified into

three general chemical groups as shown below in Table 1.3 and Figure 1.4.

Table 1.3. Classification of ACE inhibitors

Chemical classification Example
Sulphydryl-containing Captopril
Carboxyl-containing Enalapril
Phosphorus-containing Fosinopril

The action of ACE (also known as kinase II) is not specific to the renin-angiotensin
system and the enzyme also has a role in the inactivation of bradykinin as well as of other
biologically active peptides. Treatment with ACE inhibitors therefore may lead to
increased bradykinin levels which may result in the direct effect of vasodilation or the
stimulation of prostaglandin production (Brunner ef a/, 1987). Captopril has been shown
to significantly increase prostaglandin levels, for example urinary PGE, levels are
elevated with captopril treatment as are plasma 6-keto-PGF;, concentrations (Swartz et
al, 1980). Captopril is also a thiol containing compound and a free radical scavenger
(Sunman ef al, 1993) which are reported to combine with nitric oxide to produce
nitrosothiols which are potent relaxants of smooth muscle (Henry er al, 1989). The above

actions may all lead to a reduction in blood pressure.
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Figure 1.4 Hypothetical model of ACE inhibition
Reproduced from Gohlke & Unger (1984)
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Spontaneously hypertensive rats do not develop hypertension if treated with an ACE
inhibitor in early life (Harrap er o/, 1990). This is thought to be because hypertension
and/or high angiotensin II concentrations at an early age cause structural vascular
changes. These changes are thought to be prevented by early captopril treatment given at
the time (or before the time) when hypertension usually begins to be observed (Harrap er
al, 1990). This effect is also reproduced with losartan, which is an angiotensin II receptor
antagonist (Morton, 1992). It is thought that angiotensin II may function as a growth
factor or modulator which may play a role in the development or maintenance of vascular
smooth muscle hypertrophy (Schelling et a/, 1991). Early captopril treatment has been
shown to inhibit vessel growth in rats (Marjorie et al, 1996)

ACE inhibitors are established therapeutic agents in the treatment of hypertension and
have many advantages over other anti-hypertensive agents. They can be used long term
without the development of tolerance and they do not negatively effect the metabolism of
glucose and lipids or induce reflex sympathetic activation (Gohlke & Unger, 1994). The
common side effects observed with ACE inhibitor treatment are headache, cough and

hypotension (Gohlke & Unger, 1994, Semple, 1995).

Captopril also possesses some beneficial side effects such as reducing arthritis, diabetic
retinopathy, atherosclerosis and cancers which are angiogenesis dependent (Kleinman &

Ponce, 1996).

Other anti-hypertensive drugs

There are other classes of anti-hypertensive drug which act primarily on the renin-
angiotensin system, such as renin inhibitors and angiotensin II antagonists. These are not
yet as widely used as ACE inhibitors but interest is growing in other methods of blocking
the renin-angiotensin system due to the lack of specificity of the ACE inhibitors and the
associated side effects. Losartan is a non-peptide angiotensin 1I receptor antagonist
which has been shown to be effective in the treatment of hypertension in both animal and

human studies (Burnier et al, 1996).
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Diuretics have been used in the treatment of hypertension for several years. The main
type used are the thiazide-like diuretics which work by acting on the distal renal tubule to
cause a net loss of sodium and water. The reduction in arterial pressure is limited as they

cause activation of the renin-angiotensin system (Krakoff, 1994).

Furosemide is a loop diuretic, which reduces arterial pressure by causing a loss of salt
and water, but like the thiazides they activate the renin-angiotensin system. Loop
diuretics appear to be more effective in treating patients with renal insufficiency and are

less likely to impair glucose tolerance than the thiazides (Krakoff, 1994).

Reserpine s an example of a central antiadrenergic agent which reduce arterial pressure
by diminishing sympathetic tone. Its side effects include sedation and severe depression
as well as nasal congestion (Krakoff, 1994). The central antiadrenergic drugs are less

popular than other antihypertensives due to the adverse symptoms and reactions that they

causc.

Peripheral antiadrenergic drugs include neuron depletors, which deplete peripheral
adrenergic neurons of noradrenalin, B-receptor blockers, which reduce sympathetic
activity by competitive inhibition, and a-receptor blockers, which inhibit the action of

neuronally released noradrenalin (Krakoff, 1994).

Calctum receptor antagonists e.g. nifedipine, nicardipine decrease blood pressure
primarily by a reduction in peripheral resistance (Anderson ef a/, 1989) as well as causing

a mild diuresis.
Due to the multi-factorial nature of hypertension some drugs will only work in certain

individuals and antihypertensives are often used in combination. Additive effects are

often observed when using a combination of drugs in the treatment of hypertension.
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1.6. Fetal origins of hypertension

A number of epidemiological studies carried out by Barker and colleagues led to the
hypothesis that the nourishment a fetus receives from its mother determines its
susceptibility to disease in later life. A review of 34 studies by Law & Sheill (1996)
concluded that birthweight is inversely related to blood pressure in both adults and

children.

The first group of studies carried out by Barker's group (Barker & Osmond, 1986) related
deaths from CVD and chronic bronchitis to infant and maternal death rates around the
time of birth or infancy, of the deceased people studied. These studies were
geographically based, and the assumptions made were that the people who had recently
died would have been exposed to the same risk of adverse maternal or perinatal factors
that determined the neonatal death rate in these areas at a particular time. A study carried
out by Barker and Osmond (1986) showed a high correlation between infant mortality
and death from ischaemic heart disease. Correlations were also found with other diseases

such as chronic bronchitis and some cancers (Barker & Osmond, 1986).

Subsequent retrospective analysis of populations in a later study by Barker et al (1989a)
found mortality from ischaemic heart disease to be related to both neonatal and postnatal
mortality in England and Wales, suggesting that intrauterine and early postnatal
environments affect the risk of CVD in later life. In further studies a relationship
between birth weight and infant weight and death from ischaemic heart disease was
observed (Barker er al, 1989b). This led to research into the relationship between growth
in utero, blood pressure in childhood and adult life and mortality from CVD. Data from

two different cohort studies was used.

The first cohort was a follow up study of 5362 people born in 1946, in England, Wales or
Scotland. Birth weights and mothers heights were taken from maternity records, and in
the last follow up study, when the population were aged 36 years, heights, weights, blood

pressures and pulse rates were measured in the subjects who were contacted (86% of the
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sample) (Barker er al, 198%a). The second cohort study used, followed subjects born in
1970 and included measurements of birth weight, gestational period and mothers blood
pressure. When the subjects were ten years old measurements of heights, weights, blood
pressure and pulse rates were made. An inverse relationship was found between systolic

blood pressure at 10 years old, and birth weight. At 36 years old this relationship was
stronger (Barker er al, 1989b).

In 1990, Barker et al used records from a Lancashire hospital and a follow up study to
determine the relationship between fetal and placental size and the risk of hypertension in
adult life. The hospital records contained details of the birth weights, placental weights,
crown to heel length and head circumference of all babies born after 1932. In the follow
up study details were taken on medical history, current medication, smoking habits,
alcohol intake, socioeconomic group and family history of CVD. Blood pressure
measurements were also made at this time. The findings of this study were that systolic
and diastolic blood pressures were strongly related to placental weight. For any given
birth weight, blood pressures rose with placental weight and the highest blood pressures
were found in those people who had been small babies with large placentas. These
results were independent of current BMI's and alcohol consumption which were also
related to blood pressure, although this relationship was not as strong. Large placentas at
any birth weight were related to a decrease in the ratio of length to head circumference.
This disproportionate growth is considered to be consistent with a diversion of blood
away from the trunk to the brain and this could therefore cause irreversible damage to the
fetus, which could affect the arterial structure and consequently the blood pressure in
later life. Disproportionate growth and large placentas were later linked to low social
class, low haemoglobin levels (Barker er o/, 1992) and nutritional deficiencies in the

mother (Margetts ef al, 1991).

The findings by Barker have been supported by studies carried out by many different
groups. The results have been reproduced in other populations such as Jamaica, India,

USA and Sweden (Forrester et al, 1996, Stein et al, 1996, Rich-Edwards et al, 1995,
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Curhan et al, 1996, Gennser ef al, 1988) and also supported by studies in children (Law
et al, 1991, Whincup er al, 1989). Godfrey et al (1994) have shown a relationship
between maternal nutritional status during pregnancy (assessed by measuring triceps

skinfold thickness and weight gain during pregnancy) and blood pressure in childhood.

More recent studies have shown relationships between carbohydrate and protein intake
during pregnancy and placental and fetal growth (Godfrey er al, 1996, Godfrey et al,
1997). High carbohydrate intakes in early pregnancy and low dairy protein intakes in late
pregnancy were found to be associated with lower placental and birth weights and lower
ponderal index (Godfrey ef af, 1996, Godfrey et al, 1997). In another study Campbell ef
al (1996) found a complex biphasic relationship between maternal protein and
carbohydrate intake and blood pressure in the offspring. A low animal protein intake
(less than 50g daily) along with a high carbohydrate intake during pregnancy was
associated with a higher blood pressure in the offspring some 45 years later. An
increased blood pressure in the offspring was also associated with a combination of a
higher protein intake (above 50g per day) and a lower carbohydrate intake. These
increases in blood pressure were associated with a decreased placental size. Both studies

showed small changes in relation to complex variations in dietary intake.

The above work led to the development of the ‘fetal origins’ hypothesis, which states that
the nutritional environment of the mother may permanently 'program' the structure and

physiology of her offspring.

1.7. Programming

Programming is the process whereby a particular stimulus in the fetus or neonate, which
acts during a sensitive period of development, establishes a long term or permanent
biological response (Lucas 1991). Evidence for programming, outside the field of
nutrition, has been available for some considerable time. For example the development
of the hypothalamus in the rat brain is initially established in a female pattern 1r.e. to

secrete gonadotrophins in a cyclical pattern. The release of testosterone from the male
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rats developing testes at a specific point in development (day 5), programmes the rat
brain so that gonadotrophins are secreted in a male (acyclic) fashion and the animals
behaviour is male orientated (Harris & Levine, 1962). If female rats are treated with
testosterone during this period they develop as genetic females but do not ovulate or
show female sexual behaviour (Barraclough 1961). Treatment with testosterone after this

‘sensitive period’ does not have the same masculinizing effect on the female rat

(Barraclough 1961).

Injections of androgens into the neonatal rat affect the androgen responsiveness of
hepatic enzyme activities and steroid binding proteins, and this effect is permanent
(Gustafsson & Stenburg, 1974, Sloop et al, 1983). Other hormones such as thyroxine
are known to affect early brain development and the subsequent function of the
hypothalamus (Brasal & Boyd, 1975). There are other examples of programming which
are not primarily hormonal but involve other stimulus which are environmental or

sensory, such as a duckling learning to follow the moving object it sees after hatching.

In all of the above examples, the timing of the stimulus is very important. This brief
period of time in which the animal is sensitive to the stimulus was described as a ‘critical
period of development’ by Widdowson & McCance (1975). Other terms used have been
the ‘vulnerable’ period (Dobbing 1981) and the ‘sensitive’ period (Smart 1991).

It is considered that in the fetal origins of adult disease, the timing, duration and type of
nutritional insult will all have an effect on the outcome of disease. It has been suggested
that generally undernutrition in early gestation produces proportionately small babies,
which suggests an adaptation during early development causing a decreased growth rate
to avoid disproportionate growth (Barker 1994). Nutritional restriction during mid-
gestation produces a baby which is relatively thin in proportion to its length and is at risk
of diabetes and hypertension in later life (Barker 1994). In late gestation the growth of
the brain is maintained at the expense of other growth, resulting in a baby that is short in

relation to its head circumference and has an increased risk of defects of liver metabolism
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and hypertension in later life (Barker 1994). Undernutrition at different times during
gestation will affect the development of different organs. The nutritional insult will, most
likely, have its greatest effect on the organ that is in its period of rapid growth and
development at the time of the insult. For example late gestational undernutrition
primarily effects the growth and development of the kidney and the lung, which
experience a large proportion of their growth at this stage (Hinchliffe e o/, 1992).

1.8. Possible criticisms of the fetal origins’ hypothesis

The “fetal origins’ hypothesis has received criticism in the literature. The major criticism
is that people who have a poor prenatal environment are likely to also be at a
disadvantage in their postnatal environment and that it is the postnatal environment that
has an effect upon the risk of disease. A study by Bartley er a/ (1994) found that low
birth weight babies were more likely to experience socioeconomic disadvantage
subsequently and suggested that this should be taken into account when studying the
early development of adult diseases. However, Barker (1994) has shown that the
associations between fetal growth and adult disease persist when corrected statistically
for socioeconomic group and are also independent of factors which may affect disease in
postnatal life such as smoking, alcohol consumption and obesity. Experiments in animals
also support the hypothesis that undernutrition in the mother leads to persistent elevation
of blood pressure in the offspring. A rat model has been used to show that maternal
dietary manipulation during pregnancy only, leads to elevated blood pressure in the
offspring. These offspring are exposed to similar conditions in postnatal life as animals
with normal blood pressure which haven’t received prenatal exposure to altered maternal

diet (Langley & Jackson 1994).

Lucas & Morley (1994) reported an absence of correlations between maternal nutrition
and growth performance and blood pressure in the offspring at 7.5-8 years of age. All of
the children studied, however, were born preterm. Studies in twins have also shown no
relationship between birth weight and adult cardiovascular disease (Christensen ef al,

1995). In both of these studies size at birth may have been restricted by factors other than

34



maternal nutrition and Barker has emphasised that maternal nutrition is considered to be
the important factor in determining the risk of adult disease. The results from these
studies support the theory that catch-up growth, against a background of growth

constraint, may be important in the development of later disease.

During adolescence it appears more difficult to identify associations between fetal growth
and blood pressure (Matthes ef al, 1994). It is thought that this may be due to puberty
and the associated hormonally induced growth spurt (Tanner, 1989). In 1996 Law and
Sheill reviewed the literature on the relationship between birthweight and blood pressure
in later life. They concluded that the published literature from 34 studies across an age
range of 0 to 71 years supported a negative relationship between blood pressure and birth
weight and that this could not be accounted for by the predominance of a single academic

group, country or method of analysis.

1.9. Fetal Development

Fetal growth and therefore birth weight, is determined by major factors such as genetics,
maternal size, hormones and nutrition. The fetus has a genetic potential which is
influenced by its environment for example if a male shire horse and a female shetland are
mated the offspring have the genetic potential to be large but the foal is born small due to
the size of its mother (Walton & Hammond, 1938). In studies of the fetal origins of adult
disease, maternal nutrition is considered to be the important factor in determining the risk

of adult disease (Barker 1994).

The embryonic period of human development extends to 8 weeks after fertilisation when
the conceptus becomes known as the fetus. At this stage it is recognisably human, with
arms and legs, a heart that beats and a nervous system which is beginning to respond to
tactile stimuli (Tanner, 1989). The high rate of growth of the fetus is largely due to the
fact that the cells are still multiplying. The proportion of the cells undergoing division in
any tissue becomes progressively less as the fetus gets older (Tanner, 1989). It is this

high rate of growth which make the fetus particularly ‘vulnerable’ to fluctuations in its
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environment. If a period of undernutrition continues until after cell division of a
particular organ has stopped then the effect will be irreversible and the organ will develop
with fewer cells (Winick & Noble, 1966). The cells of that organ can then only increase

in size and not number resulting in disproportionate growth {Widdowson & McCance,

1963).

1.10. Animal models of the fetal origins of disease

There are many benefits of using animal models to study diseases such as hypertension.
Hypertension is strongly associated with several environmental and social factors, which
are much easier to control or remove in studies of animals than in the human population.
Secondly it is possible to carry out more invasive studies that are neither ethical nor
possible in humans. Animals with a short life span can be used to study the progression
of disease throughout life and through successive generations. There are various animal
models of hypertension used mainly to study specific aspects of what in humans is a
multi-factorial disease. There are examples of genetic models such as the spontaneously
hypertensive rat and the renovascular induced models such as Goldblatts (renal artery
constriction), and DOCA which are deoxycorticosteroid (DOC) treated as a model for

hormonally induced high blood pressure.

The development of suitable animal models was necessary to study the mechanisms
underlying the associations between maternal nutrition, fetal growth and hypertension in
adult life. Several animal models have been used to study different aspects of intra-
uterine growth and development in an effort to elucidate possible mechanisms of
programming. Sheep have been used to study insulin and insulin-like growth factors and
their relationships to fetal growth (Owens ef a/, 1994, Harding ef a/, 1994). IGF-1 and
IGF-2 concentrations have both been positively associated with fetal weight and fetal
liver weight, and with blood PO, and glucose. These observations are consistent with the
hypothesis that both IGF-1 and IGF-2 are chronically regulated by oxygen and nutrition
in utero and hence these factors influence fetal growth (Owens et a/, 1994, Harding ef a/,

1994),

36



Guinea pigs have been used to study the relationship between blood pressure and intra-
uterine growth retardation (Persson & Jansson, 1992). Intrauterine growth retardation
was induced by performing a unilateral uterine artery ligation at 32 - 37 days gestation.

This was found to be associated with elevated adult blood pressure.

There are also various models of nutritionally induced disease being used to study the
mechanisms of programming. Rats subjected to a maternal low protein diet (8% protein)
have been shown to have altered endocrine pancreas function (Snoeck er al, 1990). In
neonates exposed to a low protein diet in utero, B-cell proliferation and islet size were
found to be reduced in the head of the pancreas. Insulin secretion of these fetal islets is
also impaired (Dahri ef a/, 1991). Nutritional anaemia has been induced in female rats
prior to mating and throughout pregnancy, by feeding an iron-free diet. The offspring
were of lower birth weight and were found to have larger hearts, which supports the
suggestion that there is an alteration in the cardiovascular development of the pups.
However, systolic blood pressure was found to be significantly lower in the anaemic
animals than in the controls until 40 days of age, when hypertension was observed

(Crowe et al, 1993).

Rats exposed to low protein diets during pregnancy produced offspring that were
hypertensive in later life (Langley & Jackson, 1994). A range of maternal diets with
differing levels of protein restriction have been studied (6-12% protein). An inverse
relationship between maternal protein intake and the systolic blood pressure of the
offspring was observed. In subsequent work a standard experimental diet of 9% protein
compared to a control diet of 18% protein was chosen as this is considered to be a mild
protein restriction and sufficient to meet the recommended requirements of a non-
pregnant rat (Clarke er a/, 1978). In several studies pregnant rats have been fed either an
18% protein (control) diet or a 9% protein diet throughout gestation. The offspring of the
9% protein fed mothers were of similar birth weight, but were consistently found to have
elevated systolic blood pressures of between 15-30mmHg higher than the control rats

(Langley-Evans er al, 1996g). The elevation of systolic blood pressure was observed
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from 4 weeks of age and was independent of maternal blood pressure changes (Langley-
Evans ef al, 1994). The offspring of the low protein exposed mothers were of low to
normal birthweight and had increased placental weights (Langley & Jackson 1994,
Langley-Evans er al, 1996b). These rats also exhibited disproportionate fetal growth
(Langley-Evans ef al, 1996b). At days 14 and 20 of gestation the low protein exposed
rats showed accelerated growth which appeared to falter in late gestation (Langley-Evans
et al, 1996b). Day 20 fetuses were longer in proportion to body mass but by day 22 (full
term) they were short in relation to body mass indicating that the growth of the brain was

spared at the expense of the trunk (Langley-Evans ef al, 1996b).

This model has been used to study a number of possible mechanisms in the programming
of hypertension. These include hypothalmic-pituitary-adrenal (HPA) axis, the renin-

angiotensin system, renal structure changes and the interactions between the above.

1.11. Mechanisms of programming

Excessive exposure to glucocorticoids in wfero, induced by maternal injections of
dexamethasone (a glucocorticoid analogue) produces offspring, which become
hypertensive (Benediktsson ef al, 1993). Fetal protection from maternal glucocorticoids
1s normally effected by placental 11B-hydroxysteroid dehydrogenase, which converts
physiological glucocorticoids to inactive products. It has been found that rat placental
11B-hydroxysteroid dehydrogenase activity is positively correlated with term fetal weight
and negatively correlated with placental weight (Edwards et al, 1993). Offspring of rats
treated during pregnancy with dexamethasone (which is not metabolised by 11f-
hydroxysteroid dehydrogenase) had lower birth weights and higher blood pressure when
adult than did offspring of control rats (Benediktsson ef a/, 1993).

In the study of the role of glucocorticoids in the nutritional programming of hypertension
placental activity of 113-hydroxysteroid dehydrogenase has been shown to be lowered by
the maternal low protein diet, however, the general placental protein concentration was

unaltered (Phillips ef af, 1996). This leads to an increased exposure of the fetus to
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glucocorticoids which may contribute to the late gestational growth retardation observed
in these rats (Langley-Evans, 1997). 1t is suggested that the excess glucocorticoids in the
fetus lead to a resetting of the hypothalamic-pituitary-adrenal (HPA) axis. High
glucocorticoid levels from the adrenal gland have a negative feedback on the pituitary
and the hypothalamus (Dallman et af, 1993). The low protein exposed animals show
increased sensitivity to corticosterone (Langley-Evans et af, 1996f). Langley-Evans ef al
(1996f) suggest that this hypersensitivity to glucocorticoids may be mediated by
upregulation of receptor populations. It is suggested that glucocorticoid receptor
numbers are greater in the hippocampus and vascular tissue of the low protein exposed
rats (Langley-Evans ef a/, 1996¢). Greater receptor numbers in the vascular tissue may
enable direct or indirect stimulation of blood pressure increases by corticosterone

(Langley-Evans ef al, 1996c¢).

Intrauterine growth retardation has been associated with poor kidney development,
specifically deficits in growth and nephron number (Merlet-Benichou ef a/, 1994). In the
rat model of maternal diet induced hypertension the low protein exposed rats exhibit
normal glomerular filtration rates but significantly reduced renal blood flow,
demonstrating that renal function is programmed in utero (Langley-Evans et al, 1998).
Studies of the renin-angiotensin system have indicated that animals exposed to a low
protein diet in utero had elevated ACE activity. In a later study captopril, which is an
ACE 1bhibitor, was given to the adult offspring. The offspring that had been exposed to a
low protein diet in utero showed significantly lowered blood pressure with captopril
treatment. Captopril treatment had no effect on the rats born to mothers fed 18% protein
diets (Langley-Evans & Jackson, 1995). These results suggest that the renin-angiotensin
system has a role in the maintenance of hypertension in this model. In the human
population Konje ef al (1996) have shown that low birth weight babies have elevated
cord blood renin concentrations at birth. In 50-53 year old adults, concentrations of both
active and inactive renin in plasma were found to be higher in individuals who had been

larger at birth (Martyn ef a/, 1996).
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The renin-angiotensin system is influenced by glucocorticoids so it is likely that these
two mechanisms interact. Glucocorticoids increase the expression of angiotensin II
receptors (Sato er al, 1994), the synthesis of angiotensinogen and ACE activity
(Mendelsohn ef al, 1982).
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1.12. Aims

Epidemiological evidence has shown an association between maternal nutrition and the
risk of hypertension in later life. This is an important public health concern as
hypertension is linked to cardiovascular disease which is the biggest cause of death in
industrialised countries and the incidence is increasing in the developing world
(Department of Health, 1994). Investigation and determination of the causes and
mechanisms of the disease will aid the development of prevention strategies as well as
facilitating early detection and treatment of the disease. A rat model of maternal diet
induced hypertension has been developed which has been used to study the possible

mechanisms which underlie the pathophysiological processes which lead to the disease.

Rats were fed either a 9% casein (low protein) diet or an 18% casein (control) diet
throughout pregnancy. The effect of feeding a maternal low protein diet on both the
mother and the offspring in terms of maternal weight gain and growth of the offspring
and also the effects on the renin-angiotensin system have been studied. Previous studies
had suggested a role for the renin-angiotensin system in the maintenance of high blood
pressure in the model of maternal diet induced hypertension. Initial studies sought to
characterise any changes that might have been induced in the renin-angiotensin system in
this model. The aim of later studies was to determine the effect of treatment with an
ACE inhibitor on the blood pressure, renin-angiotensin system, and growth and
development of the low protein exposed rats. The long term effects of early intervention
with an ACE inhibitor, an angiotensin II receptor antagonist or a calcium receptor

antagonist were also studied.

The aim of a further study was to assess whether the rat model of maternal-diet-induced
hypertension is an appropriate model in which to study the pathophysiological process
that may be involved in the programming of human disease. Biochemical markers,

which were altered in the rat model, were also measured in a human population.
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Chapter 2

Methods

2.1. Animals

All experimental work was carried out in accordance with the Home Office Animals Act
1986, under license from the Home Office. All animals used were Wistar rats bred in the
Southampton University animal facility. Rats were kept in wire mesh cages at a
temperature of 22°C on a 12 hour light-dark cycle with free access to food and water at
all times. All non-pregnant animals were offered a standard non-purified laboratory

chow diet ad libitum (CRMX, Special Diet Services, Cambridge, UK.) (Appendix 1).

2.2. Dietary protocol during pregnancy

Virgin female Wistar rats were mated and then housed individually. Mating occurred
within one to four days of housing with males. Conception was detected by the
appearance of a vaginal plug on the cage floor. The mated females were then given free
access to either an 18% casein (control) or a 9% casein (low protein) diet throughout
pregnancy, as reported by Langley & Jackson (1994). In order to assess the effects of
feeding the 9% casein diet during different periods of gestation experiments in Chapter 3
included rats that were fed for week 1 and/or week 2, and/or week 3 of pregnancy only.
All experimental diets were made in the University animal facility and contained equal
levels of energy, fibre, fat, vitamins and minerals. The reduction in energy attributable to
the lower level of protein in the 9% casein diet, was replaced with increased amounts of
cornstarch and sucrose. Both diets were supplemented with D,L methionine to avoid
sulphur deficiency, as casein is a poor source of cysteine and methionine. For a full list
of ingredients see Appendix 2. All ingredients were mixed and bound together with
water. The mixture was rolled into small balls (approximately 50g dry weight) and oven
dried at 60°C for 24 hours. Diets were then stored in a cold room at -10°C for up to 3
months. Mothers were returned to a standard laboratory chow (CRMX) diet immediately

after giving birth.
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2.3. Offspring

All offspring were weighed and had sex determined shortly after birth. Each litter was
reduced to a total of eight offspring (4 males and 4 females where possible). Excess
offspring were selected at random and sacrificed by decapitation. Litters were weaned
from their mothers at 4 weeks of age and housed in pairs of the same sex, with free

access to a diet of standard laboratory chow and water.

2.4. Blood pressure determination

Measurements of systolic blood pressure were made on the rats using the tail cuff method
(IITC model 229 BP monitor; Linton Instrumentation, Diss, Norfolk, UXK.) as reported
by Langley-Evans & Jackson (1994). All animals were acclimatised to a room at 28°C
for 2 hours prior to blood pressure measurement. Conscious animals were placed into a
perspex restraint tube maintained at 28°C, and allowed to rest for 5 minutes prior to
testing. An inflatable cuff was placed over the tail and the pressure rapidly raised to
300mmHg. The tail artery pulses were recorded during deflation of the cuff using an
ITC software system, with a preset algorithm to reduce subjectivity. The operator was
unaware of the experimental group to which each animal was assigned at the time of
measurement. Systolic blood pressure was measured 3-5 times for each animal and the
average pressure recorded. The instrument used does not require excessive heat to detect
a pulse, unlike other tail cuff systems, and care was taken to use appropriate sized cuffs
for each animal to avoid an effect of weight upon the pressure recorded. This method has
been validated by Bunag (1973) and Pfeffer et a/ (1971) who both found that the
correlation between this method and direct cannulation methods was highly significant,
and concluded that the tail cuff method was a reliable method of blood pressure

measurement.

The effects of training and time spent in the perspex restraint tube were assessed by
repeatedly measuring the blood pressures of five 12-week-old male rats every day for a
week (Table 2.1), and by allowing three animals to settle in the restraint tube for different
lengths of time prior to testing (2, 5 and 10 minutes, Table 2.2). It has previously been

shown that the rats take between 0 and 2 minutes to habituate to the restraint tube and
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that the reading is then stable if taken within 7 minutes (Langley-Evans ef a/, 1996g).
Day to day and within day variation of systolic blood pressure was less than 5%, showing
that training has no significant effect upon the blood pressures of the rats (Table 2.1).
Time spent in the restraint tube had no significant effect on blood pressure (coefficient of
variation < 5% for each rat, Table 2.2). The effect of training was the same in rats

exposed to a maternal low protein diet as in the control rats (Sherman & Langley-Evans,

1998).

2.5. Drug treatments

2.5.1. Captopril treatment in adult rats

Captopril (Sigma Chemicals, Poole, Dorset, UK.) was mixed into drinking water at the
concentration of 1g/L and provided to adult rats for a period of two weeks. The dose of
captopril was chosen on the basis of previous work by Langley-Evans & Jackson (1995)
and Lee ef a/ (1991). The amount of captopril consumed was calculated on a daily basis
from recorded fluid intake. The animals had free access to dry feed (standard laboratory

chow) and no other fluids were provided.

2.5.2. Early captopril treatment

Captopril treatment of 2-week-old rats began at a time when the rats were still housed in
litters of up to 8 with their mothers. For this reason calculations of actual drug intake for
individual animals were approximate. Each litter was given captopril in their drinking
water at a concentration of 0.5g/L. for two weeks. Approximate intake per pup was
calculated by subtracting the estimated consumption of the mother from the total
consumed by the mother and litter, and then dividing by the number of offspring in the

cage.
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Table 2.1. Day to day and within day variation of systolic blood pressure
measurements in rats, using an inflatable tail cuff.

Rat 1 Rat 2 Rat 3 Rat 4 Rat 5 Mean+SEM
Day 1 120 119 146 140 155 13617
Day2 am | 126 128 144 143 156 139+6
Day2 pm | 128 128 146 146 145 13944
Day 3 137 118 149 141 153 140+6
Day 4 134 122 144 153 149 140+6
CoV 5.2% 3.9% 1.4% 3.6% 3.0%

Day to day and within day variation of systolic blood pressure was assessed by making
repeated blood pressure measurements on 5 12-week-old male rats over a 4-day period.
Blood pressure was measured using the tail cuff method and is expressed as systolic

blood pressure in mmHg. CoV = Coefficient of variation.
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Table 2.2. Effect of time spent in the restraint tube on the systolic blood pressures

of rats using the tail cuff method.

Rat 1 Rat 2 Rat 3 Mean+SEM
2 minutes 136 153 148 14615
5 minutes 141 146 158 148+5
10 minutes 141 154 147 14744
CoV 2.4% 3.1% 4.2%

12-week-old male rats were placed in the restraint tube and left to settle for different

lengths of time before making blood pressure measurements.

Systolic blood pressure

(mmHg) was measured using the tail cuff method. CoV = Coeftficient of variance.
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2.5.3. Early losartan or nifedipine treatment.

At two weeks of age, entire litters (still housed with their mothers) were treated with
either losartan or nifedipine in their drinking water. Drug concentration in both cases
was 100mg/L of drinking water, chosen on the basis of previous work by other groups
(Goodfriend ef al, 1996). Treatment continued for two weeks, until the offspring were 4

weeks of age.

2.6. Urine collections

24-hour urine collections were made from the rats using metabolic cages. These are
plastic cages, which are designed so that food and water intake and urine and faeces
output can be easily calculated. The urine drains off separately and is collected in a small
container at the bottom of the cage. The volume of urine collected over 24 hours was
measured gravimetrically and samples were acidified using 6M HCI, to preserve them,

and stored at -70°C, for a period of up to 6 months.

2.7. Culling and tissue collection

All animals were culled by either decapitation, or CO, asphyxia and cervical dislocation
and the major organs (heart, liver, lung, kidneys and spleen) rapidly dissected. All organs
were frozen immediately in liquid nitrogen for preservation and later stored at -70°C for
further analysis, for a period of up to 6 months. Blood was collected into heparinised
tubes containing a cocktail of peptidase inhibitors (to prevent further production of
angiotensin II, appendix 3) and immediately placed on ice. It was then centrifuged at
2000rpm and 0°C for 10 minutes and the plasma layer removed and stored in aliquots at -

70°C for later analysis. Analyses took place within 6 months of sample collection.

2.8. Recruitment of human subjects

96 healthy 9-10 year old children (50 male and 46 female) took part in the study. All the
children were recruited from the Princess Anne Hospital Growth Study (58 subjects)
(T.Wheeler) and the MRC Salisbury study (38 subjects) (Clark et al, 1996, Law et al,
1991, 1995). Maternal details and birth characteristics such as birth weight, length, head

circumference, ponderal index and placental weights were available for each of the
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children from previous studies, as well as recent measurements of size and blood pressure

(Drummond, unpublished, Law er al, 1991, 1995, Clark et al, 1996).

Children from the Salisbury study were selected at random from different birth weight
groups, from a study population of 190 children who had participated in previous studies
(Clark et al, 1996, Law et al, 1991, Law ef al, 1995), whereas all of the children who

were contactable from the Princess Anne Hospital Growth study were recruited.

Children from the Salisbury study provided 24-hour urine samples which were stored in
aliquots at -80°C within 72 hours of collection. These samples had been in storage for
approximately 2 years (Clark ef al, 1996). Parents of the children on the Princess Anne
Hospital Growth Study were contacted to arrange urine collections. Each of the children
collected a single early morning sample in their own homes on specific dates arranged.
Sterile containers were provided and sent by post. The samples were collected from the
family homes on the day that the children had made the urine collection. The samples

were acidified using 6M HCI and then stored at -70°C.

Urinary Prostaglandin E, concentrations were measured in each of the samples (as

described in section 2.9.5) and expressed per mg creatinine (method described in section

29.7).

2.9. Biochemical Measurements

2.9.1. Determination of pulmonary angiotensin converting enzyme (ACE) activity

ACE 1s a peptidase and its activity was determined in lung tissue by the method of
Hayakiri er af (1987). This is a spectrophotometric method which measures hippuric acid
generated by the enzymatic hydrolysis of hippuryl-L-histidyl-L-leucine (HHL). Lung
tissue was homogenised in buffer, pH 8.3, (see appendix 4 for all reagents) and 100ul
placed in a glass test tube. All samples were assayed in duplicate. 250ul of 20mM
potassium phosphate (K;HPO,, pH 8.3) was added and the tubes incubated at 37°C for 5
minutes. 100ul of HHL (3mM made up in distilled water) was added and the tubes were
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mixed and incubated again at 37°C for 30 minutes. The tubes were then placed in a
boiling water bath for 10 minutes to halt the enzyme activity and then 3 ml 0.2M K,HPO4
(pH 8.3) was added. 1.5mls of 3% cyanuric chloride in 1,4-dioxane was added and the
tubes mixed and centrifuged at 3000rpm for 10 minutes. Absorbance was read at 382nm.
Hippurate production was determined against a standard curve of 0 - 500ug hippuric
acid. Standards of hippuric acid were not incubated prior to the cyanuric chloride
addition. Activities were expressed as units per mg of protein where a unit of enzyme
activity is the amount of enzyme that hydrolyses 1umol of HHL to hippuric acid in 1
minute at 37°C. The within assay variation was less than 5% and the variation between
assays was less than 15%. Storage of the lung homogenates did not affect ACE activity,
as demonstrated by determination immediately after culling (without freezing) and
repeating after 6 weeks storage at -70°C. Variation was found to be less than 5% over

this time.

2.9.2. Determination of protein content of tissue

The protein content of the lung homogenates was determined using the Bicinchoninic
acid (B.C.A.) method of Smith e af (1985) adapted for use on a microplate reader. 200pul
of B.C.A. solution was added to 10pl of standard (0-Img/ml bovine serum albumin
(BSA)) or sample and incubated at 37°C for 30 minutes. The absorbance was measured
at 550nm (Appendix 5). Intra-assay and inter-assay variation were found to be 6.3% and

5.9% respectively. All samples were measured in duplicate.

2.9.3. Determination of plasma renin activity

Blood was collected at the time of culling into heparinised tubes (containing peptidase
inhibitors to prevent further production of angiotensin I, appendix 3) on ice and
centrifuged within 20 minutes of collection. The plasma layer was removed and stored in
aliquots at -70°C. Plasma renin activity was measured by Dr. J. Morton at the MRC
Blood Pressure Unit, Glasgow using the method of Morton & Wallace (1983). The
enzyme assay is based upon radioimmunoassay of the product and is carried out in the
cold (all details of chemicals and reagents are shown in appendix 6). Two sets of tubes

were prepared for each sample, one of which was for incubation and the other
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represented zero time. 20l of each sample (measured in duplicate) was pipetted into the
two sets of tubes and 20ul of antibody trapping mixture was added. All tubes were
centrifuged at 2000rpm for 2 minutes and then the zero time tubes placed immediately
into ice. All other tubes (including the standards) were incubated at 37°C for 30 minutes
and then placed into the ice bath with the zero time tubes to halt the reaction. 250l of
cold 50mM Tris/HCI buffer (pH 7.4) was added to all of the tubes followed by 50ul
[**’I]-angiotensin I. Iml of cold dextran/charcoal was added to each tube, which were
then vortex-mixed and centrifuged at 3000rpm for 15 minutes. The supernatants were
removed by batch decantation and drainage using absorbent paper and the radioactivity
present in the charcoal pellet counted using an automatic gamma-counter. A standard
curve of 0 - 200pg angiotensin I and total counts were also run (in duplicate). Renin
activity was calculated using the following method:

1) pg Angiotensin I (blank) - pg Angiotensin 1 (30 minutes) = pg Angiotensin 1/20ul
plasma/30 minutes

2) Plasma renin activity = pg Angiotensin [ * 0.1 = ng/ml/hr

2.9.4. Determination of plasma angiotensin Il concentrations

Peptidase inhibitors (see appendix 3) were added to blood samples immediately after
collection to prevent further hydrolysis of angiotensin I. Samples were then centrifuged
and the plasma layer stored at -70°C in aliquots. Plasma angiotensin II concentrations
were measured by Dr. J. Morton at the MRC Blood Pressure Unit, Glasgow, using the
method of Morton & Wallace (1983). The method used is a radiocimmunoassay, which 1s
carried out at room temperature, following the extraction of angiotensin 1I from the
plasma samples (appendix 7). See appendix 7 for all chemicals and reagents. 400 pl of
Tris/HCI buffer (pH 7.4) was added to all plasma extracts (in duplicate), mixed
thoroughly and placed in an ultrasonic bath for 10 minutes. Tubes were mixed again and
centrifuged at 3000rpm for 10 minutes. 100ul of unknown extract was placed into tubes
and 100ul angiotensin II antiserum added. ['*’I}]-Angiotensin I was added to all tubes,
which were then mixed and kept at 4°C for 18 hours. Standards (0-100pg) and total

counts were also run. After 18 hours 1ml of cold dextran/charcoal was added to all tubes
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which were then mixed and centrifuged at 3000rpm for 10 minutes. The supernatant was
removed using a Pasteur pipette and a suction water pump. The radioactivity present in
the charcoal pellet was counted using an automatic gamma-counter. Adjustments were
made for sample dilution, recovery and plasma volume to obtain a final plasma

concentration in pg/ml.

2.9.5. Determination of plasma angiotensinogen concentrations

Angiotensinogen concentrations were assessed by measuring the amount of angiotensin I

produced in the presence of excess renin, as described by Tewksbury & Dart (1982). The
production of angiotensin 1 was induced by incubating 50ul diluted plasma (1:1000
dilution) with 445ul of buffer (0.1M Tris/HCI, pH 7.4, 0.025M EDTA, 1g/l BSA), 50ng
renin (porcine)'and 5ul phenylmethylsulphonylfluoride (PMSF, 50g/1 in ethanol) for 1
hour at 37°C. Angiotensin I was then determined using an angiotensin I 7]
radioimmunoassay kit (NEN Life Science Products). 100ul of standard (range 0.1-10
ng/ml) or sample (plasma incubation solution) was pipetted into test tubes in duplicate
followed by 100ul of angiotensin I [** °[] tracer. 100pl blank antiserum was added to the
tubes containing the blanks and the same quantity of angiotensin I antiserum (rabbit)
added to all other tubes. Tubes were vortex mixed and incubated for 2 hours at room
temperature. 0.5ml of the second antibody was then added to each tube and mixed,
followed by a further incubation at room temperature for 30 minutes. All tubes were
centrifuged at a speed of 1000g for 10 minutes at room temperature and the supernatants
decanted off and discarded. All tubes were then counted using a gamma counter.
Angiotensin I concentrations in each tube were calculated automatically by the counter
program. Net counts were calculated for each sample and standard by subtracting the
average blank count from the average total count for each duplicate pair. Average net
counts for each standard and sample were expressed as a percentage of the average net

counts for the zero standard (termed percent bound or %B/By).

%B/By = Average Net Counts of Standard or Sample x 100

Average Net Counts of Zero Standard
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%B/B, was plotted against concentration of angiotensin I on a semi-logarithmic Figure
and sample concentrations calculated from the standard curve. Results were multiplied
by the appropriate dilution factor and expressed in units of angiotensinogen/ml of plasma.
Units are equal to ng of angiotensin I produced in the presence of excess renin activity.
Within assay variation was shown to be 5%, by measuring controls within the assay (n =
48). Between assay variation was 8%, assessed by repeated measurement of the same

controls in successive assays (n = 14).

2.9.6. Determination of urinary prostaglandin I, concentrations

Prostaglandin E, was determined using a Biotrak enzymeimmunoassay ~System
(Amersham). All reagents are described in appendix 8. The assay was carried out at
room temperature, which increases the range over which PGE, can be measured (0-
300pg/well). A microtitre plate was set up with sufficient wells to run all blanks,
standards and samples in duplicate. 100ul of assay buffer was added to the non-specific
binding (NSB) wells and 50ul into the zero standard wells. 50ul of each standard (0-
300pg/well) and sample were pipetted into the appropriate wells followed by 50ul of
antibody. 50ul of conjugate was added to all wells except the blank and the plate was
incubated at room temperature for 1 hour on a microtitre plate shaker. The wells were
then washed with wash buffer and emptied and blotted dry. 150ul of enzyme substrate
was immediately pipetted into all of the wells and the plate was incubated at room
temperature on a microtitre plate shaker for exactly 30 minutes. The optical density (OD)
was then read at 630nm. The results were calculated by working out the percentage

bound for each standard and sample using the following relationship:

%B/Bo = (standard or sample OD - NSB OD) * 100
Zero standard OD - NSB OD

A standard curve (0-320pg/well) was then generated by plotting the percent B/By as a
function of the log prostaglandin E, concentration and the pg/well value of the samples

was read directly from the Figure. Results were expressed as either ng/24 hours or as

52



pg/mg of creatinine. Within assay variation was shown to be 9%, by measuring controls
within the assay (n = 34). Between assay variation was 13%, assessed by repeated

measurement of the same controls in successive assays (n = 29).

2.9.7. Determination of urinary 6-keto-PGF, concentration

6-keto-PGF,, was determined using a Biotrak enzymeimmunoassay system (Amersham).
The assay was carried out at room temperature following the same procedure as
described above for the prostaglandin E, assay. All reagents are described in appendix 8.
The range of standards was 0-50pg/well. Results were expressed as either ng/24 hours or
as pg/mg of creatinine. The within assay variation for this kit was 5% and the between
assay variation is given as 15%(Amersham), which corresponds closely to the values

determined for the PGE; kit (2.9.6).

2.9.8. Determination of urinary creatinine

Urinary creatinine was determined by the alkaline picrate method using the Jaffe
reaction. All reagents are described in appendix 9. All standards and samples were
assayed in duplicate. 25mg of Fuller’'s earth was placed in centrifuge tubes followed by
either 100ul of standard or 25ul of urine sample. 3mls of distilled water and 0.2 mls of
saturated oxalic acid were added and the tubes vortex mixed and allowed to stand for 10
minutes. The tubes were then centrifuged for 10 minutes at 5000g and the supernatant
decanted. Tubes were then overturned to drain for approximately 20 minutes. The
precipitate was resuspended in 3mls of distilled water by vortex mixing and 1ml of
freshly made alkaline picrate added. The tubes were mixed and allowed to stand at room
temperature for 15 minutes while orange colour developed. The absorbance was read at
520nm. The creatinine concentrations of the urine samples were determined from a
standard curve (0 - 400ug/ml). Intra-assay variation was 5.9% while inter-assay variation

was 15.5%.
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2.9.9. Determination of 15-hydroxy prostaglandin dehydrogenase (PGDH).

PGDH was assayed in placenta, kidney, lung, liver and spleen using the method of Nagai
et al (1991). Tissue samples were homogenised in 10mM potassium phosphate buffer
(pH 7.4) at a dilution of 1g tissue/5mls buffer. 0.1ml of each sample was then incubated
with 0.9ml assay reagent (1M Tris/HCL, pH 10, ImM NAD, 30uM PGE,) for 90 minutes
at 40°C. The reaction was then terminated by the addition of 2ml 0.5M NaOH.
Absorbance was measured at 500nm against a blank of Tris/ HCI/NAD and NaOH. Units
of activity are equivalent to nmol product formed/min/mg protein, determined against a
standard curve of 15-keto PGE, (0-20nmoles) made up in Tris/HCI/NAD/NaOH solution.

Variability was less than 5% within and between assays.

2.10. Statistical analysis

All results are expressed as the mean + SEM or as the mean + st.dev as stated in the text.
Results were analysed using ANOVA and Students’ t-tests or regression analysis.
Standard curves were calculated using Stanley (computer package) and results were
analysed using Minitab or SPSS computer packages. Specific methods are stated in the

appropriate chapters and sections.

In early studies, results were analysed twice using the litter and the offspring as the
statistical unit. This was to ensure that statistically significant results were not merely
due to litter bias. Results that were found to be significantly different when analysed by
offspring also reached statistical significance when analysed by litter. Later results were,
therefore, only analysed by offspring number. The number of litters used is also given

for each study.
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Chapter 3: part 1
The effect of feeding a low protein diet upon maternal weight gain and growth of the

offspring.

3.1 Introduction

A large body of evidence indicates that human hypertension and therefore cardiovascular
disease is determined in part, by maternal nutrition. Epidemiological studies have shown
that there is a relationship between intrauterine growth retardation and an increased risk
of hypertension in later life (Barker er al, 1993). Recent studies have demonstrated
relationships between maternal diet during pregnancy and placental and fetal growth
(Godfrey et al, 1996) and blood pressure in the offspring (Campbell er al, 1996).
Experiments in animals unequivocally support the hypothesis that the nutritional profile
of the mother permanently programmes the metabolic and physiological functions of the
fetus, as reviewed by Langley-Evans (1998). Rats exposed to a maternal low protein diet
in utero have significantly elevated systolic blood pressures (Langley & Jackson, 1994).
This rat model of maternal-diet-induced hypertension is being used to study the possible

mechanisms of programming.

As in the human population (Barker, 1994), the high blood pressure arising from
intrauterine protein restriction in rats is associated with patterns of disproportionate fetal
and placental growth (Langley-Evans ef al, 1996b) and is of early onset (Langley-Evans
et al, 1994). Rats exposed to a maternal low protein diet ir utero have a low body mass at
birth and an increased placental weight (Langley-Evans, 1994). Restriction of protein
during pregnancy has been shown to accelerate fetal growth between days 14 and 20 of
gestation, however, this accelerated growth does not continue until the end of gestation
and the resulting offspring are of low to normal birth weight (Langley-Evans ef al,
1996b). Placental growth is also accelerated by the restriction of protein in the maternal
diet (Langley-Evans ef al, 1996b).

In human populations the pattern of growth of the fetus is dependant on the timing of the

nutritional restriction (Barker, 1994). If the fetus is undernourished in early gestation it
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will be proportionately small at birth (Barker, 1994). Disproportionate growth occurs
when the fetus is undernourished in either mid or late gestation. Each of these periods
are associated with a different pattern of fetal growth and an increased risk of different
pathologies in adult life. Nutritional restriction in mid-gestation is associated with babies
who are of low birth weight and are thin in proportion to body mass (Divon ef al, 1996)
and have an increased risk of developing non-insulin-dependant diabetes, hypertension
and coronary heart disease in adult life (Barker, 1994). Individuals who are
undernourished in late gestation may be of normal birth weight but are short in relation to
head circumference and have an increased risk of cardiovascular disease (Barker ef al,

1995).

The aim of the first experiment described in the present chapter was to examine the
effects of maternal protein restriction on maternal growth during rat gestation. Fetal and
placental growth were assessed in the second experiment and the postnatal growth in
experiments 3 and 4. Blood pressures of the offspring were determined in the final
experiment of this section. These studies also considered the effects of targeting protein

restriction to specific periods of gestation.

3.2 Methods

The methods of animal production, dietary administration and blood pressure
measurement are as described in chapter 2. Eleven pregnant female rats were fed a 9%
casein diet throughout pregnancy and eleven were fed an 18% casein diet. Five female
rats were fed a 9% casein diet during week one of gestation and four were fed a 9%
casein diet during week two only of gestation. Maternal weight and food intake, were
measured every 2-3 days during gestation. Rats were fed either an 18% casein diet (n=5)
or a 9% casein diet (n=5) throughout pregnancy (d0-14), or a 9% casein diet during week
one only (d0-7, n=5) or week two (d8-14, n=4) only of gestation and culled at d14
pregnancy using CO, as previously described in chapter 2, and immediately dissected.
The fetuses and placentae were removed and weighed. All other animals were culled by

decapitation, and blood and tissues collected as described in chapter 2.
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3.3 Results

3.3.1 Effect of feeding a low protein diet during pregnancy on maternal dietary intake
and weight gain.

Six virgin female Wistar rats were mated and given free access to a low protein (9%
casein) diet throughout gestation. A further six were fed a control diet (18% casein)
throughout pregnancy. Two of the rats from the low protein group were later found not
to be pregnant and were excluded from the analysis. The low protein fed rats tended
(p=0.06) to consume more diet than the controls (11% higher) (Table 3.1). This,
however, did not significantly increase their protein intake. The weight gain in the low
protein group was 11% less than the controls (Table 3.2). The difference in dietary
intake was greater in the first week of pregnancy whilst the decreased weight gain in the
low protein fed group was only significant in the final week of pregnancy (Tables 3.1 &
3.2). Feed efficiency (weight gain/food intake) increased progressively during
pregnancy for both the control and low protein groups (Table 3.3), but was consistently
lower for the low protein exposed group compared to the controls (Table 3.3, p<0.05).
Efficiency ratios for the low protein diet compared with the control diet increased
throughout pregnancy (Table 3.3). Average efficiency of the low protein diet was 81% of
the control diet (Table 3.3).

3.3.2. Effect of feeding a maternal low protein diet on the fetal and placental weights at
day 14 of pregnancy.

Nineteen pregnant female Wistar rats were fed either an 18% casein diet (n=5) or a 9%
casein diet (n=5) throughout pregnancy (d0-14), or a 9% casein diet during week one
only (d0-7, n=5) or week two (d8-14, n=4) only of gestation, in order to study the effects
of protein restriction during different periods of pregnancy. The rats were culled at day
14 of pregnancy and the fetuses and placentae removed and weighed. Fetal weights of
rats exposed to a low protein diet during any period of pregnancy were significantly
higher than in the control group (p<0.02). Those exposed to a low protein diet only
during week one of gestation had the highest fetal weights in comparison to all other

groups (p<0.001) (Table 3.4). Placental weights were also highest in the group exposed

57



to a low protein diet during week one only (p<0.001) (Table 3.4). There were no

significant differences in fetal:placental ratio between the groups (not shown).

3.3.3 Effect of feeding a maternal low protein diet on the body weights of the offspring.

Six virgin female rats were mated and given free access to an 18% casein (control) diet
and a further 6 were fed a 9% casein diet throughout gestation. Two rats were excluded
from the low protein group (section 3.3.1). Birth weights of the pups were not
significantly altered by the low protein feeding and litter sizes did not differ between the
groups (Table 3.5). Female offspring only were used in the following studies. At
weaning body weights of the offspring were higher in the low protein exposed group
(n=18), compared to the controls (n=15, not significant) and at 9 and 12 weeks of age the
low protein group still weighed significantly more than the control rats. Results were

analysed by both litter and individual offspring number (Table 3.6).

3.3.4. The effect of feeding a maternal low protein diet on the organ weights of the
offspring.

Female offspring of rats exposed to either an 18% (n=6) or a 9% (n=9) casein diet during
pregnancy were culled at 12 weeks of age and blood and tissue samples collected. Organ
weights, and organ weights expressed per Kg body weight, are shown in Table 3.7. No
significant differences were found in the lung, liver, heart or kidney weights between the
dietary groups. The spleen was however, found to be smaller in the rats exposed to a
maternal 9% protein diet compared to the controls, both in absolute and relative terms

(Table 3.7).

3.3.5 The effect of feeding a maternal low protein diet on the blood pressures of the
offspring.

The offspring of rats fed a 9% protein diet throughout pregnancy had higher systolic
blood pressures than control animals from 4 weeks of age (Table 3.8). The offspring of
rats fed a low protein during only week 1 (d0-7), or week 2 (d8-14), or week 3 (d15-22)
of gestation had significantly elevated blood pressures compared with control rats (Table
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3.8). Results from male and female rats were combined as no sex differences in blood
pressﬁre were observed. Systolic blood pressure remained elevated until 12 weeks of
age, in rats exposed to the low protein diet throughout gestation (27mmHg, Figure 3.1).
Results were analysed by litter and by total number of offspring per dietary group.
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Table 3.1. The effects of feeding a low protein diet on food intake during pregnancy
compared to a control diet.

Food Intake (g/day)
Week 1 week 2 week 3 Average
18% protein diet 24+ 1 26 +2 28+ 1 26 + 1
9% protein diet 30+2 30«1 26+ 1 29 + 1
P 005 0.06 NS 0.06

Pregnant female rats were individually housed and given free access to either an 18%
protein control diet (n=6) or a 9% protein diet (n=4). Food intake was calculated
throughout gestation. Values given are expressed as mean = SEM and the p value
denotes the level of significance of the difference from the control. Results were

analysed using t-tests.

60



Table 3.2. The effect of feeding a low protein diet on weight gain during pregnancy,
compared to a control diet.

Maternal weight gain (g)
Week 1 week 2 week 3 Full gestation
18% protein 271 44 £ 2 51+2 117 + 1
9% protein 23 +3 40 + 3 41 + 1 104 + 4
P NS NS 0.007 0.08

Pregnant female rats were individually housed and given free access to either an 18%
protein control diet (n=6) or a 9% protein diet (n=4). Weight gain was calculated
throughout gestation. Values given are expressed as the mean + SEM and the p value
denotes the level of significance of the difference from the control. Results were

analysed using t-tests.
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Table 3.3. The effect of feeding a low protein diet on feed efficiency during
pregnancy, compared to a control diet.

Feed efficiency (weight gain g/ food intake g)

Week 1 week 2 week 3 Full gestation
18% protein 0.16+0.01 0.24+0.01 0.2620.01 0.21£0.01
9% protein 0.11+£0.01* 0.19£0.01% 0.23£0.01* 0.17+£0.01%*
Efficiency ratio 0.69 0.79 0.88 0.81

Pregnant female rats were individually housed and given free access to either an 18%

protein control diet (n=6) or a 9% protein diet (n=4). Weight gain and food intakes were

calculated throughout gestation. Values given are the weight gained in grams per gram

of food intake, and represent feed efficiency. Efficiency ratios are the efficiency of the

9% casein diet compared to the 18% protein control diet. *p<0.05 where p denotes the

difference from the control group.
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Table 3.4. The effect of feeding a low protein diet during different discrete periods
of pregnancy on fetal and placental weights at day 14 of gestation.

Dietary Group (n) | Fetal weight (g) Placental weight (g)
18% casein (62) 0.142 + 0.002* 0.179 + 0.005

9% casein (46) 0.150 + 0.002%" 0;175 + 0.006"

9% d0-7  (49) 0.194 + 0.006%*H1 0.224 + 0.007%*H
9% d8-14 (55) 0.164 + 0.006%** 0.187 + 0.008"

Nineteen pregnant Wistar rats were fed either an 18% casein diet (control) or a 9% casein
diet throughout gestation or a 9% casein diet during week one only or week two only of
gestation. Rats were culled on day 14 of pregnancy and the fetuses and placentae
removed and weighed. Weights are expressed as mean + SEM and *p<0.05, **p<0.001
denotes the difference from the control group. *p<0.05, ¥p<0.001 denotes the difference
from the 9% casein group, while 'p<0.05, 7p<0.001 shows the difference from the 9%
casein day 8-14. Results were analysed using an ANOVA and post hoc t-tests.
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Table 3.5. The effects of feeding a maternal low protein diet on birth weights of the
offspring and litter size.

Birth weight (g) Litter size
18% protein control diet 50+ 0.1 (n=065) 11+ 2
2% low protein diet 50+ 0.1 (n=56) 14+ 1
P NS NS

Pregnant female rats were individually housed and given free access to either an 18%
protein control diet (n = 6) or a 9% protein diet (n = 4). The offspring were weighed and
counted shortly after birth and the results expressed as mean + SEM. The results were

analysed using a t-test and p denotes the statistical significance of the difference from the

control. NS = not significant.
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Table 3.6. The effects of feeding a maternal low protein diet on the body weights of

the offspring at 4, 9 and 12 weeks of age.

Weight at 4 Weight at 9 Weight at 12
weeks (g)(n) weeks (g) (n) weeks (g) (n)
18% protein control diet 58 + 1(15) 177 + 3 (15) 203+ 2 (6)
9% low protein diet 76 + 2 (18) 199 + 5(18) 214+ 1(9)
P <0.001, <0.01 <0.005, <0.05 <0.01, =0.08

Pregnant female rats were individually housed and given free access to either an 18%

protein control diet (n = 6) or a 9% protein diet (n = 4). The female offspring were

weighed after weaning at four weeks of age and again at 9 and 12 weeks of age and the

results expressed as the mean weight in g + SEM. At 10 weeks of age half of the rats

were treated with captopril, as described in Chapter 5, and excluded from further analysis

resulting in the lower number of rats (n) in each group at 12 weeks. At 12 weeks the rats

came from a total of 6 litters, 3 litters from the low protein group and 3 from the controls.

The difference in the body weights of the low protein group compared to the controls was

analysed using a t-test. p denotes the statistical significance of the difference from the

control. Results were analysed both by offspring and by litter and both p values are given

respectively.
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Table 3.7. The effect of feeding a maternal low protein diet on the organ weights of
the offspring at 12 weeks of age.

Weight (g)
Lung Liver Heart Spleen Kidney
18% protein 1.39:0.03 |10.12040 |0.88+0.03 |0.72+0.03 0.79+0.03
9% protein 1.43£0.05 | 99+025 [094:0.04 |0.63+0.02* |0.80+0.01
g/kg body weight
18% protein 6.85:0.28 [49.8:2.23 |4.33+0.17 |[3.57+0.19 |3.88+0.12
9% protein 6.67:0.20 | 475+1.56 |4.53:025 |3.04+0.16% |3.82:0.11

Pregnant female rats were given free access to either an 18% protein control diet or a 9%

protein diet throughout pregnancy. At 12 weeks of age all animals were culled and organ

weights measured. Organ weights are expressed as mean + SEM. Results were analysed

using ANOVA and t-tests. *p<0.05, where p denotes the significance of the difference

from the control group.
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Table 3.8. Effect of feeding a maternal low protein diet on the blood pressures of
the offspring at 4 weeks of age.

Systolic blood pressure (mmHg) | N
18% protein control 9 +3 15
9% protein 122 + 3% 18
9% protein d0-7 111 + 4% 20
9% protein d8-14 105 & 3% 20
9% protein d15-22 112 + 5* 11

Pregnant female rats were housed individually and given free access to either an 18% or
9% protein diet throughout gestation or a 9% protein diet during discrete one week
periods of pregnancy. The systolic blood pressures of the offspring were measured using
a tail cuff at 4 weeks of age. Results are expressed as the mean + SEM and were
analysed using ANOVA and t-tests. *p<0.05 denotes the difference from the control

group and * p<0.05 denotes statistically significant difference relative to 9% protein.
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Figure 3.1. The effect of feeding a maternal low protein diet on the systolic blood
pressure of the offspring at 12 weeks of age.

Pregnant female rats were housed individually and given free access to either an 18% or
9% protein diet throughout gestation. The systolic blood pressures of the offspring were
measured using a tail cuff at 12 weeks of age. Results are expressed as the mean + SEM
and were analysed using ANOVA and t-tests (n=6 and 9 for the control and low protein
groups respectively). *p<0.0001 denotes the difference from the control group when
analysed by the number of offspring. *p<0.005 denotes the difference from the control

group when analysed by litter number (n=3 for both the low protein and control groups).
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3.5 Discussion
Epidemiological evidence has suggested that intrauterine growth retardation is associated

with an increased risk of hypertension in adult life (Barker er a/, 1990). This has recetved
support from studies with rat models where hypertension has been associated with the
feeding of a low protein diet in utero (Langley & Jackson, 1994). Previous studies with
this rat model of hypertension, have shown that the low protein diet fed during pregnancy
effects the intrauterine and postnatal growth of the offspring (Langley-Evans et al, 1996a,
1996b, 1996¢, 1996d, 1996¢, McCarthy ef a/, 1994, Langley-Evans & Nwagwu, 1998).

The aim of the present study was to characterise the effects of feeding a maternal low
protein diet on maternal weight gain, fetal and placental growth and the growth of the
offspring. Maternal weight gain was lower in the rats fed a low protein diet whilst their
dietary intake tended to be greater in comparison to the control rats. At day 14 of
gestation the fetuses of all of the low protein fed mothers weighed significantly more than
the controls, whilst placental weight only differed in the rats exposed to a low protein diet
between day 0 and 7 of gestation. Birth weights and litter sizes did not differ between the
two dietary groups. By weaning, body weights of the low protein exposed offspring were
slightly higher than the control group (not significant) and by 9 weeks of age this
difference was significant. The rats exposed to a low protein diet during the periods of
day 0-7, day 8-14 or day 15-22 pregnancy had eclevated systolic blood pressures
compared to the controls. This relative hypertension was observed from 4 weeks of age.
The feeding of a maternal low protein diet led to a smaller spleen in the offspring but had

no other effects on organ sizes.

Pregnant female rats were fed either an 18% casein control diet or a 9% casein, low
protein diet ad /ibitum throughout gestation or a 9% casein diet during different discrete
periods of pregnancy. The rats fed a low protein diet had an increased food intake in
early-mid gestation compared to the controls. It may be suggested that on a mild dietary
restriction the rats may increase their intake to compensate for the decrease in protein.

The rats did not increase their intake enough to make a statistically significant difference
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to their protein intake, which remained at approximately 75% of their requirement
(Clarke et al, 1978). Although dietary intake was increased and therefore energy intake
was higher, the low protein group underwent a smaller pregnancy related weight gain
than the controls. The difference in weight gain between the low protein group and the
control group was most significant in the last trimester. This could be due to a fetal
growth rather than maternal weight gain, as a large percentage of fetal growth occurs
during the final period of gestation (Langley-Evans ef a/, 1996b), however, this is
unlikely as birth weights did not differ between the two groups. Fetal body mass in the
control animals has previously been shown to increase by 90% in the final 2 days of
pregnancy, while there is only a 70% increase in body mass in rats exposed to a maternal
low protein diet, during this period (Langley-Evans et a/, 1996b). Birth weight per se is
not significantly different in the low protein exposed group, however, fetal growth
patterns are altered (Langley-Evans ef a/, 1996b, Harding & Johnston, 1995).

Feed efficiency data showed that the 9% protein diet was, on average, 80% efficient
compared with the control diet. This corresponds well with the suggestion that the rats
were receiving approximately 75% of their protein requirement (Clarke er al, 1978).
However, it appears that the efficiency of the diet increased over the period of gestation,
and this may be due to the ‘programming’ of the pattern of growth by early
undernutrition (Harding & Johnston, 1995). It is possible that the mother stores protein
in early gestation for use in later pregnancy when the demand is increased for rapid fetal
growtp (Langley-Evans er a/, 1996b, Harding & Johnston, 1995, Naismith & Morgan,
1976). It has been suggested that, during rat pregnancy, protein is laid down and stored
during the first two weeks (Naismith & Morgan, 1976), and it was during this period that
the mothers fed low protein increased their food intake and there was little difference in
weight gain from the controls. In the third week the protein stored is used for the growth
and development of the fetus (Naismith & Morgan, 1976) and it was during this time that
the low protein group gained less weight and their food intake returned to control levels.

These results are supported by Desai ef al (1996) who also found increased food intake in
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the first two weeks, along with a smaller weight increase in the final week, in rats fed a

low protein diet during gestation (80g protein /kg).

At day 14 of gestation the fetuses and placentac weighed significantly more in the rats
exposed to a low protein diet than the controls. This is consistent with the study of
Langley-Evans ef al (1996b) which indicated that day 14 fetuses and placentae were
significantly heavier in the rats fed 9% casein, but that on days 12 and 16 the
fetal/placental weights were unaltered. At day 20 of pregnancy fetal and placental
weights were greater in the low protein exposed animals but by day 22 birth weights are
found to be low to normal (Langley-Evans er af, 1996b). This illustrates the complex
nature of the processes involved with growth and development. Taken together these
observations indicate patterns of disproportionate growth in mid to late gestation and
suggest that adaptive mechanisms are active in the fetal tissues. Tt is suggested that the
growth of the fetal brain is spared at the expense of the trunk (Barker, 1994) and,
therefore, other organs such as the liver and kidney. Tt is thought that the increase in
placental weight is an attempt to increase the blood and nutrient supply to the fetus when
necessary. Owens ef o/ (1989) suggest that the placenta maintains a priority of growth in
mid-gestation and that the fetus may provide energy substrate for this process. The
placenta has the ability to adapt in order to supply the nutrient demands of the fetus and
therefore greater placental growth should lead to an increase in fetal growth, as shown at

day 14 in the present study.

In the present experiments birth weights did not differ between the groups which is
inconsistent with later studies in this thesis. It is difficult to compare birth weights
between groups with differing litter sizes. Although the litter sizes between groups are
not statistically different in this study, they do differ slightly. Birth weights of the
offspring also depend on maternal size and the posistion of the fetus on the uterine horn
(Levy & Jackson, 1993). Maternal size did not differ significantly between these rats, but
obviously did vary slightly. These factors all influence birth weight so that in studies of
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small numbers the effect of maternal nutrition may not be observed. Birth weights have

usually been found to be low to normal in these animals (Langley-Evans ef al, 1996b).

At weaning body weights were higher in the low protein group than in the controls. This
difference was greater by 9 weeks of age suggesting that metabolism and/or dietary
intake had been programmed in ufero to give an altered growth pattern and possibly body
composition. It has previously been shown that maternal food restriction in rats
influences body composition of the offspring and leads to an increased risk of obesity mn
later life (Anguitta e o/, 1994). Using the same rat model as described in the current
studies, maternal protein restriction has been associated with increased adiposity in the
offspring (McCarthy ef o/, 1994). Studies of men who were fetuses when their mothers
were exposed to famine in the Dutch Hunger Winter, suggest that rates of obesity are

increased in adulthood (Ravelli e al, 1976).

It is thought that disproportionate growth of the fetus will adversely affect the growth and
development of certain organs, which will then impact upon health in later life. In
previous studies the growth of the kidney has been shown to be impaired by fetal
undernutrition (Langley-Evans ef af, 1996g). Gross size of the kidney has been reported
to be reduced in rats exposed to a maternal 9% casein diet during week 2 or 3 of gestation
{Langley-Evans ez a/, 1996g). In this study, organ weights (other than the spleen) did not
differ between the groups. This may be due to the low numbers used in the study. In
contrast Zeman reported that the offspring of protein deprived rats had small kidneys that
were histologically imature (1968), whilst undernourished sheep fetuses have been shown
to have kidneys which are larger than normal (Harding & Johnston, 1995). Despite the
lack of gross size changes it is still possible that the development of these organs may
have been altered and that they may be structurally and/or functionally different.
Previous studies have shown that maternal protein restriction results in lower glomerular
number in the kidneys of the offspring (Zeman, 1968, Hinchcliffe er af, 1992, Langley-
Evans et al, 1999) and impaired renal function (Hall & Zeman 1968). Rats exposed to a
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maternal 9% protein diet exhibit significantly reduced renal blood flow but unchanged

glomerular filtration rates (Langley-Evans ef a/, 1998).

Maternal protein restriction also affects the metabolic zonation of the liver (Desai ef al,
1995) and liver growth impairment has been associated with coronary heart disease in
humans (Barker et af, 1995). Similarly the structural development of the vasculature of
the offspring may be altered by a maternal low protein diet. Rats exposed to a maternal
9% protein diet exhibit a reduced arterial elastin content and aortic compliance compared
to control animals (Langley-Evans, unpublished observation). Matemal protein
restriction is associated with altered glutathione metabolism in the offspring and
increased susceptibility to sulfur dioxide induced lung injury (Langley-Evans ef al,
1997). The reduction in size of the spleen observed in the low protein exposed animals,
suggests a possible effect upon the immune system. Studies have shown that exposure of
rats to a maternal low protein diet effects their response to endotoxin challenge in early
adulthood (Langley er a/, 1994). Studies in the Gambia have provided evidence that
people undernourished in utero may be more susceptible to infection in later life (Moore

et al, 1997).

At 4 and 12 weeks of age the low protein group had significantly elevated blood
pressures as first shown previously by Langley & Jackson (1994). Rats exposed to a
maternal low protein diet during any discrete period of pregnancy also exhibited
significantly elevated systolic blood pressures compared to the control. Other animal
models have also shown raised blood pressures in association with altered patterns of
intrauterine growth. Woodall ef a/ (1996) found that mothers subjected to a total food
restriction to 30% of normal ad /libitum intake produced offspring with systolic blood
pressures 5-8 mmHg above the controls. Guinea pigs subjected to unilateral uterine
artery ligation (which reduces placental blood flow to one of the uterine horns, thereby
impeding fetal growth), produced offspring with a raised MAP of 7.5 mmHg above the
controls (Persson & Jansson, 1992). Both of these procedures are very severe compared

with the mild protein restriction (75% of requirement (Clarke et a/, 1978)) used in this
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study, yet the increase in blood pressure is not as great. This suggests that the
composition of the diet is a very important factor in the programming of the fetus.
Further evidence for the importance of the composition of the diet is that an 8% protein
diet with different fat and carbohydrate sources does not lead to an elevated blood
pressure in the offspring (Lucas ef al, 1996, Langley-Evans, In Press 1999). In rats,
blood pressure in early adulthood has been correlated with maternal protein intake
(Langley & Jackson, 1994, Langley-Evans e «l, 1994). In the human population
maternal protein and carbohydrate intakes have been correlated with fetal growth
(Godfrey ef al, 1996) and blood pressure in the offspring at 40 years of age (Campbell ef
al, 1996).

In conclusion the results from the present studies have supported the hypothesis that
maternal diet affects fetal growth and programmes the growth pattern and the blood
pressure of the offspring. The following studies will investigate the possible mechanisms
underlying the current findings. In particular the role of the renin-angiotensin system i
the elevation of blood pressure in this model will be investigated as previous studies have
suggested that it is altered in the low protein exposed rats compared with the control

animals (Langley & Jackson, 1994, Langley-Evans & Jackson, 1995).
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Chapter 3: part 2

The effect of feeding a maternal low protein diet on the renin-angiotensin system in

the offspring.

3.6 Introduction

Experiments in animals support the hypothesis that undernutrition in the mother leads to
persistent elevation of the blood pressure in later life (Langley-Evans er al, 1996g,
chapter 3: part 1). Feeding an iron-free diet to female rats prior to mating and throughout
pregnancy results in offspring, which are hypertensive in adult life (Crowe et al, 1993).
Rats exposed to a maternal low protein diet in ufero have significantly elevated systolic
blood pressures in later life (Langley-Evans er al, 1996g, chapter 3: part 1). These
hypertensive rats exposed to a maternal low protein diet, have been shown to have
elevated plasma and pulmonary angiotensin converting enzyme (ACE) activities
(Langley & Jackson, 1994). Captopril, which is an ACE inhibitor, was shown to
reversibly normalise the blood pressures in these rats, suggesting a possible role for the
renin-angiotensin system in the maintenance of high blood pressure in this model
(Langley-Evans & Jackson, 1995). In studies of the human population, Konje and
colleagues (1996) have shown that cord blood renin concentrations are inversely
correlated with birth weight, whilst in later life (50-53 years) concentrations of active and
inactive renin tend to be greater in the individuals who were heavier at birth (Martyn ef

al, 1996).

The data of Langley-Evans & Jackson (1995) and Konje er a/ (1996) appear to support a
role for the renin-angiotensin system in the programming of hypertension, whilst Martyn
et al (1996) suggest that the renin-angiotensin system may be suppressed in older men
who were of low birth weight. This apparently contrasting evidence makes interpretation
of the role of the renin-angiotensin system difficult. Hence, the aim of this study was to
further characterise the effects of a maternal low protein diet upon the renin-angiotensin

system in the offspring. This was intended as a preliminary approach to an investigation
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of how renin-angiotensin system action may be involved in the prenatal programming of

hypertension.

3.7 Methods

The methods of animal production, dietary administration, culling, and tissue collection
are as described in chapter 2. Female rats were fed either a 9% or an 18% casein diet
throughout pregnancy or a 9% casein diet during week one and/or week two and/or week
three only of pregnancy. Pregnant rats were culled at either day 14 or day 20 of gestation
using CO» as described in Chapter 2. Offspring were culled at birth, 4 weeks or 12 weeks
of age by decapitation. Pulmonary ACE activity was measured using the method of
Hayakiri er al (described in section 2.9.1). Plasma renin activity and angiotensin Il
measurements were performed by the MRC Blood Pressure Unit, Glasgow as described
in sections 2.9.3 & 2.9.4. Plasma angiotensinogen concentrations were assessed by
measuring the amount of angiotensin 1 produced in the presence of excess remin, as
described by Tewksbury & Dart (1982). The angiotensin [ produced was determined
using a radioimmunoassay kit (NEN Life Sciences Products) as described in Section

2.9.5. Results were analysed using ANOVA (one or three-way) and t-tests.

3.8 Results

3.8.1 The effect of feeding a maternal low protein diet on the plasma renin activity,

angiotensin 11 and angiotensinogen concentrations in the offspring.

Fifteen virgin female Wistar rats were mated and housed singly with free access to either
an 18% casein (control) diet or a 9% casein diet throughout pregnancy (d0-22) or a
9%casein diet during week 1 only (d0-7), week 2 only (d8-14) or week 3 only (d15-22)
of gestation. At 4 weeks of age the offspring were culled and blood and tissue collected.
The offspring of the rats fed a 9% protein diet during week 3 only of gestation had
significantly higher plasma renin activity than any other group (Table 3.9). Plasma
angiotensin I1 concentrations tended to be lower, in all groups exposed to a maternal low

protein diet during any period of gestation, in comparison to the control group and were
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significantly lower in those animals exposed to a maternal low protein diet during week 1

of gestation only (Table 3.9).

At 12 weeks of age angiotensin II concentrations were greater in rats exposed to both a
9% casein and an 18% casein diet throughout gestation than at 4 weeks of age. Rats
exposed to a 9% casein diet in utero, tended to have higher angiotensin II concentrations
than controls at 12 weeks of age, although this was not statistically significant (p<0.1,
Table 3.10). Plasma renin activity did not alter with age and did not differ between
dietary groups (Table 3.10). At 12 weeks of age plasma angiotensinogen concentrations

were similar in the two dietary groups (Table 3.10).

3.8.2 The effect of feeding a low protein diet during gestation on pulmonary ACE activity

in the mother and the offspring.

Pregnant Wistar rats were fed either an 18% casein diet or a 9% casein diet throughout
gestation or a 9% casein diet during different discrete periods of gestation (week 1, week
2, week 3). Numbers of litters and offspring used are given in the appropriate tables
(Tables 3.11-3.13). Pulmonary ACE activity was measured as the lung contains the
highest ACE activity of all the tissues (Allen, 1991). For the measurement of maternal
pulmonary ACE activity the pregnant females were culled on day 14 of pregnancy and
fetal ACE activity was measured in day 20 fetuses. Pulmonary ACE activity was not
measured at day 14 of pregnancy as the lungs are too small at this stage. Pulmonary ACE
activity was also measured at the neonatal stage and at 4 and 12 weeks of age. There was
no significant effect of diet upon pulmonary ACE activity in the pregnant rat at day 14 of
gestation (Table 3.11) or fetal pulmonary ACE activity at day 20 of gestation (Table
3.12). At the neonatal stage the rats exposed to a maternal low protein diet throughout
gestation had pulmonary ACE activities that were similar to those of control pups. Those
animals exposed to a maternal low protein diet during any discrete period of gestation
had significantly elevated pulmonary ACE activity compared to the controls (Table 3.13).
Rats exposed to a maternal 9% protein diet between days 8 and 14 of pregnancy had
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elevated pulmonary ACE activities in comparison to both the 18% and 9% protein

exposed groups (p<0.06).

By 4 weeks of age pulmonary ACE activity was lower in all groups, relative to activity at
the neonatal stage, but followed a similar pattern of results to the neonatal rats. The
animals exposed to a maternal 9% protein diet during discrete periods of pregnancy
showed the highest levels of ACE activity (Table 3.14). Rats exposed to a maternal 9%
protein diet between days 15 and 22 of gestation had significantly elevated pulmonary
ACE activities in comparison to all other groups (P<0.05). By 12 weeks of age the
offspring of rats exposed to a low protein diet throughout pregnancy had significantly
higher pulmonary ACE activity than the controls (Figure 3.2).
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Table 3.9. The effect of intrauterine exposure to a low protein diet on plasma renin

and angiotensin II concentrations at 4 weeks of age.

Dietary Group (n) Renin (ng/ml/hr) Angiotensin [I (pg/ml)
18% protein (control) (7) 7+ 1 22+ 5

9% protein (6) 5+ 1 13+2

9% protein d0-7 (8) 6+ 1 8+ 1*

9% protein d8-14 (6) 6+ 1 13+3

9% protein d15-22 (8) 10+ 2% 15+3

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protein diet
throughout gestation or a 9% protein diet during discrete one week periods of pregnancy.
At 4 weeks of age the offspring were culled and blood and tissue collected. Results are
expressed as mean + SEM and were analysed using an ANOVA and t-tests. * p<0.05
where p denotes the difference from the control group. 'p<0.05 where p denotes the

difference from all other groups. Litter n=3 for each dietary group.
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Table 3.10. The effect of intrauterine exposure to a low protein diet on plasma
renin, angiotensin If and angiotensinogen concentrations at 12 weeks of age.

Dietary Group (n) Angiotensinogen | Renin Angiotensin
(ng/ml) (ng/ml/hr) II (pg/ml)

18% protein (control) (19) 2.7+ 0.1 7+ 1 38+ 8

9% protein (29) 26+ 0.1 7+ 1 57 + 11

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protein diet
throughout gestation. At 12 weeks of age the offspring were culled and blood and tissue
collected. Results are expressed as mean + SEM and were analysed using an ANOVA

and t-tests. No significant differences were observed. Litter n=3 and 4 for the 18%

protein group and the 9% protein group respectively.
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Table 3.11. The effect of feeding a low protein diet during pregnancy on pulmonary
ACE activity in the mother at day 14 of pregnancy.

Dietary Group (n) ACE activity (units/mg protein) | p
18% protein (control) (5) 27 + 2

9% protein 4 31+ 8 NS
9% protein d0-7 (5) 37+ 8 NS
9% protein d8-14 (5) 31+5 NS

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protein diet

throughout gestation or a 9% protein diet during discrete one week periods of pregnancy.

At day 14 of pregnancy the rats were culled and blood and tissue collected. Results are

expressed as mean + SEM and were analysed using an ANOV A and t-tests. p denotes the

difference from the control group. One unit of ACE activity is the amount of enzyme

which hydrolyses Inmol of HHL to hippuric acid in 1 minute at 37°C.
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Table 3.12. The effect of feeding a low protein diet during pregnancy on the
pulmonary ACE activity of the fetus at day 20 gestation.

Dietary Group (n) ACE activity (units/mg protein) | p

18% protein (control) (5) 63+03

5% protein (4) 6.8 +04 NS

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protemn diet
throughout gestation. At day 20 of pregnancy the rats were culled and fetal tissue
collected. Results are expressed as mean + SEM and were analysed using an ANOVA
and t-tests. p denotes the difference from the control group. One unit of ACE activity 1s
the amount of enzyme which hydrolyses 1nmol of HHL to hippuric acid in 1 minute at

37°C. All of the rats were taken from different litters.
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Table 3.13. The effect of feeding a low protein diet during pregnancy on neonatal
pulmonary ACE activity in the offspring at birth.

Dietary Group (n'.n?) | ACE activity (units/mg protein) | p

18% protein (control) (29,9) 47«2

9% protein (15,5) |53+6 NS
9% protein d0-7 (23,6) (61 +4 0.003
9% protein d0-14 (15,5) 162+3 0.0003
9% protein d8-14 (14,6) |68+<5 0.0007
9% protein d8-22 (7.5) 59+ 4 0.04
9% protein d15-22 (28,8) | 61+4 0.003

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protein diet

throughout gestation or a 9% protein diet during discrete one or two week periods of

pregnancy. Shortly after birth the rats were culled and blood and tissue collected.

Results are expressed as mean + SEM and were analysed using an ANOVA and t-tests. p
denotes the difference from the control group. One unit of ACE activity is the amount of
enzyme which hydrolyses Inmol of HHL to hippuric acid in 1 minute at 37°C. n' =

number of offspring used, n” = number of litters offspring were taken from.
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Table 3.14. The effect of feeding a maternal low protein diet during pregnancy on
the pulmonary ACE activity of the offspring at 4 weeks of age.

Dietary Group (n',n?) | ACE activity (units/mg protein) | p
18% protein (control) (12,3) {24+ 1

9% protein (5,3) 27 + 4 NS
9% protein d0-7 (19,5) 129+2 0.03
9% protein d8-14 (256) |34+2 0.000
9% protein d15-22 (18,5) |44 +4* 0.000

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protein diet

throughout gestation or a 9% protein diet during discrete one week periods of pregnancy.

At 4 weeks of age the rats were culled and blood and tissue collected. Results are

expressed as mean + SEM and were analysed using an ANOVA and t-tests. p denotes the
difference from the control group, *p<0.05 where p denotes the difference from all other
groups. One unit of ACE activity 1s the amount of enzyme which hydrolyses 1nmol of

HHL to hippuric acid in 1 minute at 37°C. n' = number of offspring used, n’ = number

of litters offspring are taken from.
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Figure 3.2. The effect of intrauterine exposure to a maternal low protein diet on
pulmonary ACE activity in later life.

Pregnant Wistar rats were fed either an 18% protein (control) diet or a 9% protein diet
throughout gestation. At 12 weeks of age the offspring of these rats were culled and
blood and tissue collected. Results are expressed as mean + SEM and were analysed
using an ANOVA and t-tests. *p<0.05 where p denotes the difference from ail other
groups. One unit of ACE activity is the amount of enzyme which hydrolyses Inmol of
HHL to hippuric acid in 1 minute at 37°C. n =6 and 9 for the control and low protein

group respectively.
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3.9 Discussion
A rat model has been developed whereby the feeding of a low protein diet in ufero has

been associated with hypertension in later life (Langley & Jackson, 1994). This model is
currently being used to elucidate the mechanisms of cardiovascular programming.
Previous studies with this rat model of hypertension, induced by fetal exposure to
maternal low protein diets have demonstrated elevated pulmonary ACE activity (Langley
& Jackson, 1994) and a reduction in blood pressure with captopril treatment (Langley-
Evans & Jackson, 1995). The aim of this study was to further investigate the effects of

feeding a maternal low protein diet on the renin-angiotensin system in the offspring.

The results of the present study indicated that plasma renin activity was unaltered in rats
exposed to a maternal 9% protein diet, except for those that were exposed to the maternal
9% protein diet during week 3 (d15-22) only, which had significantly greater plasma
renin activities than all other groups. Angiotensin Il concentrations tended to be lower in
rats exposed to a maternal 9% protein diet during any discrete period of pregnancy,
compared to the controls at 4 weeks of age. This was significant in the group exposed to
the low protein diet between days 0 and 7 of gestation only. By 12 weeks of age
angiotensin II concentrations appeared higher in the low protein exposed rats compared
to the controls (not significant). Pulmonary ACE activity was elevated in all rats exposed
to a maternal low protein diet during any discrete period of pregnancy compared to the
controls from 4 weeks of age. At the neonatal stage the group exposed to a maternal low
protein diet during week 2 of gestation only had pulmonary ACE activities significantly
greater than both the 18% and 9% protein groups. At 4 weeks of age the group exposed
to a maternal low protein diet during week 3 of gestation only had pulmonary ACE

activities significantly greater than all other groups.

It has previously been suggested that angiotensinogen availability is the rate-limiting step
in the renin-angiotensin pathway (Gould & Green, 1971). However, in the present study
angiotensinogen was found to be available in excess in both the low protein exposed rats
and the controls. Angiotensinogen concentrations compared well with published rat data

(Bohlender ef al, 1996).
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Plasma renin activity was generally, although not significantly, lower in rats exposed to a
maternal low protein diet except for those exposed in late gestation only, in which
significantly elevated plasma renin activity was observed. This suggests that the timing
of the nutritional insult is particularly important in the programming of renin activity.
This may be related to the fact that the development of the kidney takes place mainly in
late pregnancy as renin is produced in the kidney (Hinchliffe ef a/, 1992). Evidence from
both human and animal studies suggests that the kidney is structurally and functionally
altered in offspring subjected to poor maternal nutrition or intrauterine growth. Human
fetuses, which are small for gestational age, have smaller, kidneys, which are thinner in
shape (Konje ef al, 1996) which also contain fewer nephrons than appropriately grown
fetuses Hinchcliffe ef al, 1992). Studies in rats have indicated that exposure to a maternal
low protein diet in utero impairs renal development and function (Merlet-Bernichou ef a/,
1968, Zeman, 1968, Hall & Zeman, 1968). Experiments using the rat model described in
this thesis, have shown that the offspring of mothers fed a moderately low protein diet in
mid or late pregnancy, show different developmental patterns in the kidney during late
gestation (Langley-Evans er a/, 1999). Rats exposed to a maternal low protein diet
throughout gestation have fewer nephrons in later life, relative to controls (Langley-

Evans et al, 1999).

In studies of the human population Konje et o/ (1996) have shown that active renin
concentrations in cord blood are higher in low birth weight babies suggesting that the
renin-angiotensin system is programmed from early life. However active and inactive
renin concentrations appear to be higher in adults who were heavier at birth (Martyn ef a/,
1996). Martyn and colleagues (1996) also showed that inactive renin was inversely
associated with both systolic and diastolic blood pressure, whilst no relationship was
found between active renin concentrations and blood pressure. This is supportive of the
results from the present study where plasma renin activity does not appear to be related to
blood pressure. Elevated blood pressure causes a decrease in renin secretion, so the
relationship between high blood pressure and decreased renin activity is perhaps not
surprising. The apparent inconsistency between the findings of Martyn ef a/ (1996) and
Konje ef al (1996) may be explained by the possibility that the high renin concentrations
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found in cord blood are not of fetal origin. It is also possible that they are high due to the
different role of the renin-angiotensin system in the fetus.  Plasma renin levels in
chronically catheterised fetal sheep are higher than in the pregnant ewe (Lumbers 1995)

and renal renin levels in human fetuses are 20-fold greater than the levels in the adult

(Broughton Pipkin, 1993).

Angiotensin II is a potent vasoconstrictor and it is therefore surprising that low levels of
this hormone are found in these animals with elevated blood pressures, however, a rise in
blood pressure leads to a reduction in renin secretion and therefore a decrease in the
angiotensin I produced. This does not appear to be consistent with the observation that
levels of ACE activity were increased and blood pressure has been shown to be
normalised by treatment with an ACE inhibitor (Langley-Evans & Jackson, 1995).
Plasma angiotensin II levels may not be important in the regulation of blood pressure, for
example circulating levels rise in association with angiotensin I antagonist treatment
(due to the blockade of the negative feedback mechanism) which leads to a decrease n
blood pressure (Morton er al, 1992). It should not be assumed that circulating
angiotensin II concentrations are the same as the effective levels of angiotensin II at the
receptor sites. It is possible that elevated blood pressure is leading to reduced renin
secretion and therefore angiotensin II concentrations in the low protein exposed rats, but
that these animals have an increased sensitivity to angiotensin II. This may be why ACE
inhibition leads to a decrease in blood pressure despite an apparent excess of renin or
angiotensin II. In support of this argument rats exposed to a maternal low protein diet in
utero demonstrate an increased pressor response to angiotensin II compared to controls

(Gardner ef al, 1998).

ACE activity was found to be elevated in the lungs of the offspring of rats exposed to a
maternal low protein diet from early life, whilst maternal pulmonary ACE activity was
not affected by exposure to the low protein diet. This provides evidence that the ACE
activity in the offspring is independent of maternal ACE and that the low protein diet
does not directly modulate ACE activity. This suggests that other regulators must be
working in the tissues of the offspring and that ACE activity may be programmed by
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intrauterine exposure to a low protein diet. Elevated plasma ACE activity has also been
observed in rats exposed to a maternal 9% protein diet (Langley-Evans & Jackson, 1995).
Glucocorticoids have been well characterised as having a programming effect upon the
developing fetus and are known to induce ACE activity (Langley-Evans, 1997,
Mendelsohn ef al, 1982). They also induce the expression of the angiotensin II type 1
(AT)) receptor in vascular smooth muscle tissue (Sato ef a/, 1994). 11-B hydroxysteroid
dehydrogenase (113-HSD) activity in the placenta protects the fetus from exposure to
maternal glucocorticoids by metabolising them to inactive forms (Edwards er al, 1993).
The placental activity of this enzyme is correlated with fetal weight (Benediktsson ef a,
1993, Edwards ef al, 1993). Treatment with dexamethasone (a glucocorticoid which is
poorly metabolised by 113-HSD) during pregnancy in the rat causes hypertension in the
offspring (Benediktsson et al, 1993), supporting the hypothesis that increased fetal
glucocorticoid exposure, programmes elevated blood pressure in later life (Benediktsson

et al, 1993, Edwards ef al, 1993).

Placental 113-HSD activity is significantly reduced in pregnant rats fed low protein diets
(Phillips et al, 1994). Metyrapone treatment during pregnancy (which inhibits
glucocorticoid synthesis) prevents the onset of hypertension in the offspring of rats fed a
low protein diet (Langley-Evans ef al, 1996f). The replacement of maternal
corticosterone reverses this effect, suggesting that exposure to glucocorticoids during
fetal life is necessary for the programming of hypertension (Langley-Evans, unpublished
data). Maternal adrenalectomy prior to pregnancy also prevents the effects of feeding a
maternal low protein diet on the blood pressures of the offspring (Langley-Evans ef al,
unpublished data). This evidence together suggests that fetal exposure to an excess of
glucocorticoids is an important first step in the programming of hypertension. Fetal ACE
activity is not altered by diet and it is therefore suggested that elevated pulmonary ACE
activity in the low protein exposed rats after birth is due to increased glucocorticoid
action in late pregnancy. Increased glucocorticoid action is evident in the low protein
exposed fetuses at this time as shown by the massive increase in glycerol 3-phosphate

dehydrogenase (GPDH) activity between day 20 and day 22 of gestation (Langley-Evans
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et al, 1996¢). GPDH is a glucocorticoid-inducible enzyme and such an increase in

activity is not observed in the control animals (Langley-Evans ef a/, 1996c).

Pulmonary ACE activity is significantly increased in those animals whose mothers were
exposed to a low protein diet during discrete periods of gestation (particularly weeks 2
and/or 3) at the neonatal stage and at 4 weeks of age. These results follow a similar
pattern to those of the glucocorticoid-inducible enzymes (tyrosine aminotransferase
(TAT), glutamine synthase (GS) and GPDH), which also exhibit increased activity in rats
exposed to a maternal low protein diet during discrete periods of pregnancy, particularly
the last two weeks (Langley-Evans ef a/, 1996¢g, Langley-Evans & Nwagwu, 1998). This
evidence supports the hypothesis that the elevated ACE activity observed in the offspring
of low protein fed rats in the current study is induced by fetal exposure to excess

glucocorticoids.

From these results it is clear that the renin-angiotensin system is affected by exposure to a
low protein diet in wero and that further studies are necessary to elucidate the role.
Pulmonary ACE activity is elevated by exposure to a maternal low protein diet, an effect
which is observed from an early age and is attributable to fetal exposure to excess
glucocorticoids. Raised ACE activity does not result in an increase in circulating
angiotensin II concentrations. It is therefore important to determine whether the
increased ACE activity observed, is involved in either the programming or maintenance
of hypertension in this model. Further studies will therefore determine the effects of

ACE inhibition on the blood pressure of these animals.
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Chapter 4: part 1

The effect of feeding a maternal low protein diet on prostaglandin excretion in the

offspring.

4.1. Introduction

Intrauterine growth retardation is associated with an increased risk of hypertension in
later life (Barker er al, 1993, Langley-Evans ef a/, 1996g). The rat model of maternal
diet-induced hypertension has been used to study the possible mechanisms involved in
the programming of hypertension (Langley-Evans er al, 1996g). As discussed in the
previous chapter, experiments have indicated that the renin-angiotensin system may have
a role in the development and maintenance of hypertension in this model (Langley-Evans
et al, 1996g, Chapter 3). Prostaglandins are locally acting hormones, which are derived
from polyunsaturated fatty acids and affect a wide variety of physiological processes
(Currie & Needleman, 1984, Wagner & Kurtz, 1998). They are synthesised from
arachidonic acid, which is found in mammalian tissue mainly as structural lipids in the
cellular and sub-cellular membranes (Wagner & Kurtz, 1998). Tissue concentrations of
arachidonic acid are dependent on both dietary linoleic acid intake (Wagner & Kurtz,
1998) and protein intake (De Tomas ef af, 1980, De Tomas et a/, 1983, Narce et al,
1991). Renal prostaglandins are known to mediate blood flow and their interactions with
the renin-angiotensin system are of particular interest in hypertension (Wagner & Kurtz,

1998).

Prostaglandins PGE, and PGI, are potent renal vasodilators and help to maintain renal
blood flow, specifically in the presence of vasoconstrictor hormones such as angiotensin
II (Wagner & Kurtz, 1998). Angiotensin II stimulates the release of PGE, and PG, by
the kidney, which subsequently blunts the peptide-induced vasoconstriction (Wagner &
Kurtz, 1998). PGE,, PGI; and 6-keto-PGE; have a stimulatory effect on the release of
renin, which is thought to be mediated by cyclic AMP (Jackson er af, 1982, Wagner &
Kurtz, 1998). PGE, has been shown to act as a vasoconstrictor in rat kidney, at high
concentrations, where it potentiates the action of angiotensin II and noradrenaline (Baer

& McGiff, 1979, Wagner & Kurtz, 1998).
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The conversion of polyunsaturated fatty acids to prostaglandins is dependent upon the
activity of desaturases (Hassam ef al, 1975). The activities of desaturases involved in the
conversion of linoleic acid to arachidonic acid, the precursor of PGE,, have been shown
to be reduced in animals subjected to a maternal low protein diet during pregnancy and
lactation (De Tomas er al, 1983). Protein deprivation during pregnancy and lactation
exerts a marked effect on the fatty acid composition of liver phospholipids, including
arachidonic acid (De Tomas et @/, 1983). This fatty acid pattern was reversed when
protein deficient animals were placed on a control diet at birth (De Tomas ef al, 1980 &
1983, Narce et al 1991). Spontancously hypertensive rats (SHRs) also show
abnormalities of desaturase activity and apparent changes in overall fatty acid profiles.
Six month old SHRs have particularly high desaturase activities and the hepatocyte
membrane fatty acid composition indicates an impairment of n-6 polyunsaturated fatty
acid metabolism (Narce et a/, 1994). Pathways of prostaglandin synthesis may thus be
subject to programming effects of maternal diet, resulting in defects of prostaglandin
metabolism associated with hypertension. The pathway of prostaglandin degradation is
also of interest. 15-Hydroxyprostaglandin dehydrogenase (PGDH) is considered to be the
key enzyme responsible for the biological inactivation of prostaglandins (Tai et al, 1979,
Nagai et al, 1991). Decreased activity of PGDH has been found in the kidneys of SHR’s
(Tai er al, 1979). These animals also exhibit increased urinary PGE, excretion (Dunn,
1978).

The renin-angiotensin system and prostaglandins interact to a large extent, therefore the
aim of the present study was to determine whether prostaglandin metabolism is altered in

low protein exposed rats, with known alterations to renin-angiotensin system activities.

4.2. Methods

The methods of animal production, dietary administration, culling, urine and tissue
collection were as described in chapter 2. Pregnant Wistar rats (n=30) were fed on either
an 18% casein (control) diet (n=15) or a 9% casein diet (n=15) throughout gestation.
Some of the mothers were culled on days 14 or 20 (n=3 for each group) of gestation in

order to collect fetal and placental tissue. Others were allowed to continue to full term
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and the offspring were culled at the neonatal stage, 4 weeks, 7 weeks or 12 weeks of age
(n=8 offspring from 3 litters for each group). Prostaglandins PGE, and 6-keto-PGFiq
were measured in urine samples using an enzymeimmunoassay (Amersham) (Sections
2.9.6. and 2.9.7). 24-hour urine collections were made in the offspring at 4 and 12 weeks
of age using metabolic cages as described in section 2.6. PGDH activity was determined
in tissue samples using the method of Nagai er a/ (1991) (section 2.9.9) and expressed per

mg protein (section 2.9.2). Results were analysed using ANOVA and t-tests.
4.3. Results

4.3.1. The effect of feeding a maternal low protein diet upon urinary prostaglandin
excretion in the offspring.

24-hour urine samples were collected from 4-week-old or 12-week-old female offspring
of rats fed either an 18% protein diet or a 9% protein diet throughout pregnancy. The
volume of urine excretion did not differ between the dietary groups (data not shown).
Urinary PGE, concentrations were found to be significantly higher in the rats exposed to
a maternal low protein diet compared to the controls at both ages (Figure 4.1). At 12
weeks of age urinary PGE, excretion was lower than had been observed at 4 weeks of age
(p<0.001). Urinary 6-keto-PGF,, concentrations at 12 weeks (Figure 4.2) tended to be

higher in the low protein exposed rats, however this was not significant.

4.3.2. The effect of feeding a maternal low-protein diet on tissue PGDH activity in the
offspring.

Pregnant Wistar rats (n=30) were fed on either an 18% casein (control) diet (n=15) or a
9% casein diet (n=15) throughout gestation. Some of the mothers were culled on days 14
or 20 (n=3 for each group) of gestation in order to collect fetal and placental tissue.
Others were allowed to continue to full term and the offspring were culled at the neonatal
stage, 4 weeks, 7 weeks or 12 weeks of age (n=8 offspring from 3 litters for each group).
PGDH activity was assessed in placenta, kidney, liver, lung, and spleen. At day 14 of
gestation PGDH activity was elevated in the placental tissue of the low protein exposed

mothers (p=0.05, Table 4.1). This difference was no longer statistically significant by
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day 20 of gestation. Renal PGDH activity followed an altered developmental pattern in
rats exposed to a maternal low protein diet (Figure 4.3). In both the control and low
protein fed animals PGDH activity was markedly increased over the last two days of
gestation, such that at birth 1t was 70% of mature activity. At both day 20 of gestation and
the neonatal stage, renal PGDH activity did not differ between the two dietary groups.
However, by 4 weeks of age, activity in the kidney was significantly lower in the
offspring of the rats exposed to a low protein diet during pregnancy compared to the
controls (p<0.001, Figure 4.3). By 12 weeks of age this difference in renal activity had
disappeared. There were no significant differences between dietary groups in PGDH
activity in the liver, lung or spleen at the ages studied (Table 4.2, Figures 4.4 - 4.5). The
developmental pattern of PGDH activity was similar in both the lung and liver in the
control animals, with a peak 1n activity between 4 and 7 weeks of age (Figures 4.4 and
4.5). However the low protein exposed rats showed a linear increase in pulmonary

PGDH activity between birth and 12 weeks of age (Figure 4.5).
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Figure 4.1. The effect of feeding a low protein diet during pregnancy on urinary
prostaglandin E; excretion in the offspring.
Pregnant Wistar rats were fed either an 18% protein (control) diet (n=6) or a 9% protein

diet (n=6) throughout gestation. At 4 and 12 weeks of age 24-hour urine samples were
coilected from offspring from each litter (n=12). Results are expressed as mean + SEM

and were analysed using an ANOVA and t-tests. *p<0.05 where p denotes the difference

from the control group.
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Figure 4.2. The effect of feeding a low protein diet during pregnancy on urinary 6-

ketoPGFi. excretion in the offspring.
Pregnant Wistar rats were fed either an 18% protein (control) diet (n=6) or a 9% protein

diet (n=6) throughout gestation. At 12 weeks of age 24-hour urine samples were
collected from offspring from each litter (n=12). Resuits are expressed as mean + SEM

and were analysed using an ANOVA and t-tests. No significant differences were

observed.
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Table 4.1. The effect of feeding a maternal low protein diet on the PGDH activity in
the placentae of the offspring.

Age Units activity/mg protein p
18% casein 9% casein

Day 14 39+ 0.2 59+ 0.5 0.05

Day 20 57+ 02 79+ 0.1 NS

Pregnant Wistar rats were fed either an 18% casein (control) diet or a 9% casein diet

throughout gestation. Mothers were culled at either day 14 or day 20 of pregnancy to

allow for the collection of fetal and placental tissue. Results are expressed as mean *

SEM in units of activity per mg protein where 1 unit is equal to 1 pmol product

formed/min. Results were analysed using t-tests.

observed in the low protein exposed rats compared to the controls.

significant difference from the controls.

p denotes the difference in activity

NS denotes no
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Table 4.2. The effect of feeding a maternal low protein diet on the PGDH activity in
the spleen of the offspring.

Age Units activity/mg protein p
18% casein 9% casein

Day 14 39+ 0.2 59+ 05 0.05

Day 20 57+ 0.2 79+ 0.1 NS

4 weeks 31+ 0.0 37+ 0.1 NS

12 weeks 31+ 03 34+ 04 NS

Pregnant Wistar rats were fed either an 18% casein (control) diet or a 9% casein diet
throughout gestation. Offspring were culled at 4 weeks of age and 12 weeks and tissue
collected. Results are expressed as mean = SEM in units of activity per mg protein where
1 unit 1s equal to 1 pmol product formed/min. Results were analysed using t-tests. p
denotes the difference in activity observed in the low protein exposed rats compared to

the controls. NS denotes no significant difference from the controls.
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Figure 4.3. The effect of feeding a low protein diet during pregnancy on renal
PGDH activity in the offspring.
Pregnant Wistar rats were fed either an 18% protein (control) diet (n=6) or a 9% protein

diet (n=6) throughout gestation. Tissue samples were collected from offspring from each
litter at the time points shown (n=12). Results are expressed as mean + SEM and were
analysed using an ANOVA and t-tests. *p<0.001, where p denotes a significant
difference from the control group. Units are equivalent to nmol product formed/min/mg

protein.

99



Renal PGDH (units)
0.115—

| | ! ! ! |

0 12 24 36 48 60 72 84 96 108

Age (days-post conception)



Figure 4.4. The effect of feeding a low protein diet during pregnancy on hepatic

PGDH activity in the offspring.
Pregnant Wistar rats were fed either an 18% protein (control) diet (n=6) or a 9% protein

diet (n=6) throughout gestation. Tissue samples were collected from offspring from each
litter at the time points shown (n=12). Results are expressed as mean + SEM and were

analysed using an ANOVA and t-tests. Results did not differ significantly.
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Figure 4.5. The effect of feeding a low protein diet during pregnancy on pulmonary
PGDH activity in the offspring.
Pregnant Wistar rats were fed either an 18% protein (control) diet (n=6) or a 9% protein

diet (n=6) throughout gestation. Tissue samples were collected from offspring from each
fitter at the time points shown (n=12). Resuits are expressed as mean + SEM and were

analysed using an ANOVA and t-tests. No significant differences were observed.
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4.4. Discussion

The aim of the current study was to assess prostaglandin metabolism in the rat model of
maternal-diet-induced hypertension. This was considered important due to the way in
which the prostaglandins interact with the renin-angiotensin system, which shows
evidence of programming in this model. The spontaneously hypertensive rat (SHR)
model, which exhibits similar disturbances of the renin-angiotensin system to the low
protein rat model, also exhibits patterns of altered prostaglandin metabolism (Ta1 er al,

1979, Konieczkowski ef af, 1983, Dunn, 1978).

Urinary PGE, excretion was found to be significantly elevated in rats exposed to a
maternal low protein diet, both at 4 and 12 weeks of age (Figure 4.1). This finding is
consistent with observations of increased urinary PGE, excretion in the SHR strain (Dunn
et al, 1978). This has also been independently verified in our laboratory (data not shown).
However PGE, excretion was significantly lower at 12 weeks in both the low protein
exposed and the control animals compared to excretion at 4 weeks of age. In the SHR
elevated prostaglandin excretion appears to be due to both an increase in synthesis
(Konieczkowski ef @/, 1983) and a reduction in degradation by PGDH (Tai er al, 1979).
In the current study degradative activity tended to increase between birth and 12 weeks of
age, possibly explaining the reduction in the concentration of urinary PGE, at 12 weeks

of age compared to 4 weeks of age.

Urinary 6-keto-PGF,, excretion appeared to be slightly elevated in the low protein
exposed animals at 12 weeks of age but this was not statistically significant. 6-keto-
PGFy, is the stable metabolite of PGI, (prostacyclin), which acts in a similar way to
PGE, to affect blood pressure. Urinary concentrations of the PGIl, metabolite were
similar to the levels of PGE, excretion observed at 12 weeks of age. Concentrations at 4

weeks were not compared.

At day 14 of pregnancy, PGDH activity was elevated in the placenta of rats fed a low
protein diet. The same trend was observed at day 20 but the difference was no longer

found to be statistically significant. The developmental profile of PGDH activity was

102



altered in the kidney by fetal protein restriction. It was also disturbed, to a lesser extent,
in the lung, but fetal exposure to the low protein diet had no effect upon either hepatic or
spleen activity. PGDH activity was significantly reduced in the kidney of rats exposed to
a maternal 9% casein diet (by approximately 50%) at 4 weeks of age, but by 12 weeks
this difference had disappeared. In the lungs, the enzyme activity tended to be higher
(not significant) at 12 weeks of age. Similar observations were noted in the SHR strain.
Markedly lower PGDH activity in the kidney and greater pulmonary activity were
reported (Tai er al, 1979). These effects, however, were apparently not transient and
were observed in both 6 and 12 week old animals (Tai ef ¢/, 1979). There were no other
significant differences in PGDH activity, between dietary groups, in other organs at any

given age.

Very little has been published on the action, regulation or role of PGDH activity. It
occurs in many tissues and may have tissue specific roles, for example in the placenta it
may be necessary to reduce PGE, concentrations to prevent the early onset of labour.
Placental PGDH activity increased during pregnancy, which may relate to increasing

PGE, levels around the time of birth.

PGE; is a potent vasodilator, so elevated levels in urine would appear to be inconsistent
with elevated blood pressure. However, PGE; has been shown to act as a vasoconstrictor
in rat kidney, at high concentrations, where it potentiates the action of angiotensin II and
noradrenaline (Baer & McGiff, 1979). PGE, release is stimulated by angiotensin II and
also stimulates the release of renin (Currie & Needleman 1984, Jackson er al/, 1982).
Neither renin activity nor angiotensin II concentrations appear to differ in the low protein
exposed rats compared to the controls. PGE, excretion does not appear to be related to
angiotensin II concentrations in the different age groups. Angiotensin II concentrations
appear to increase with age whilst urinary PGE, amounts decrease, suggesting that the

PGE, excretion is not directly related to the circulating angiotensin I concentrations.

Elevated PGE, excretion in this model is likely to be related to either an increase in

production (for example through increased desaturase activity) or a decrease in the rate of
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breakdown. PGDH is the key enzyme responsible for the biological inactivation of PGE,
(Tai et al, 1979, Nagai ef al, 1991). Elevated activity in the placenta may lead to a
decrease in prostaglandins and therefore a decrease in perfusion of the placenta and a
decrease in the supply of oxygen and nutrients to the fetus, which would further
contribute to mid-late gestational growth retardation (Langley-Evans et al/, 1996b).
PGDH activity is regulated by glucocorticoids (Tsai & Brown, 1987), which may be of
particular significance in this model (Langley-Evans, 1998). 11p3-hydroxysteroid
dehydrogenase (113-HSD) type 2 is an enzyme in the placenta which protects the fetus
from maternal glucocorticoids (Seckl, 1997). It has been demonstrated that placental
113-HSD type 2 activity is decreased in the low protein rat mode! (Phillips ef al, 1994),
in association with an increase in glucocorticoid-inducible enzyme activities (Langley-
Evans & Nwagwu, 1998). This suggests an increase in glucocorticoid stimulation of the
tissue, which may promote increased placental PGDH expression as is suggested by the

activity data shown in the present study.

Rats exposed to a low protein diet in fetal life have increased glucocorticoid receptor
numbers (Langley-Evans er a/, 1996¢) and are therefore more sensitive to the actions of
glucocorticoids in adult life. The hypertension observed in the low protein rat model is
glucocorticoid-dependent and is prevented by the pharmacological blockade of
glucocorticoid synthesis (Langley-Evans, 1997). Dexamethasone, which is a synthetic
glucocorticoid, has been shown to upregulate PGDH expression (Tsai & Brown, 1987).
However, the results from the current study show that these animals, which are
hypersensitive to glucocorticoids, exhibit decreased PGDH activity in the kidney in
association with elevated urinary PGE; and elevated blood pressure. It is possible that
the reduced renal PGDH activity observed in the low protein exposed rats is due to
impaired renal development. The kidneys of such animals have been shown in some
studies to be small in proportion to body size and to contain fewer nephrons than the
kidneys of control animals (Langley-Evans ef a/, 1997). It is, therefore, possible that the
cells expressing PGDH may be present in fewer numbers in the kidneys of the low

protein exposed rats.
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In general PGE, is a vasodilator, so the elevated levels observed in this model, in
association with hypertension, are difficult to explain. Elevated urinary PGE, has
however, been associated with elevated blood pressure in other rat models
(Konieczkowski er al, 1983). Spontaneously hypertensive rats show both elevated
desaturase activity and decreased PGDH activity (Dunn, 1978, Tai et a/, 1979). PGE,
has been shown to act as a vasoconstrictor, in high concentrations, in the rat kidney (Baer
& McGiff, 1979). Thus it may be the case that, in the low protein exposed rats, the PGE,
synthesised in the kidney acts locally to increase renal vascular resistance, due to

ineffective clearance by PGDH.

At 4 weeks of age the decrease in renal PGDH activity in the low protein exposed rats
appears consistent with the observed increase in PGE, excretion (both approximately
50%). Although the period of decreased renal PGDH activity is transient, other studies
have also identified the period between 2 and 4 weeks of age as a critical period for the
programming of the cardiovascular system (Sherman & Langley-Evans, 1998). The
studies described in Chapters 5 and 6 have shown that the onset of hypertension can be
prevented in the low protein exposed rats by treatment with ACE inhibitors or
angiotensin II receptor antagonists, between 2 and 4 weeks of age. This suggests that this

is an important period in the development of the hypertension observed in these animals.

In conclusion, rats exposed to a maternal low protein diet in fetal life exhibit disturbances
of prostaglandin metabolism. The observations are similar to those made in the
spontaneously hypertensive rat strain. It is possible that the differences noted in the low
protein exposed rats compared to the control animals, may have a role in the disturbance
of the renal control of blood pressure in this model. Due to the unusual association
between elevated urinary prostaglandin excretion and raised blood pressure, and the
relative ease of the non-invasive measurement, urinary PGE, concentration would be a

useful measurement to make in the human population.
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Chapter 4: part 2
Urinary prostaglandin excretion in 10 year old children and its relationship with the

risk of hypertension in later life.

4.5. Introduction

The offspring of rats fed a low protein diet during pregnancy become hypertensive in
later life (Chapter 3, Langley-Evans er al, 1997). They also show disturbances of the
renin-angiotensin system and prostaglandin metabolism, which may contribute to the
onset and/or maintenance of the elevated blood pressure observed in this model (Chapter

3 and Chapter 4: part 1, Langley-Evans ef a/, 1997, 1998).

Rats exposed to a maternal low protein diet in ufero have significantly elevated urmary
PGE, excretion rates (Chapter 4: part 1). This is also associated with altered pattern of
activity of renal PGDH (Chapter 4: part 1). PGDH, which is a key enzyme responsible
for the breakdown of prostaglandins, had a significantly reduced level of activity in the
kidneys of 4-week old rats exposed to a maternal low protein diet compared to control
animals (Chapter 4: part 1). The spontaneously hypertensive rat (SHR) model, which
shows some similarities to the low protein exposed rat model of hypertension, such as
elevated PGE, excretion (Dunn, 1978), also exhibits a decreased activity of renal PGDH
(Tai et al, 1979), as well as high desaturase activities which are involved in the

production of precursors of the prostaglandins (Narce ef al, 1994).

Prostaglandin concentrations are useful measurements to make in this model as they are
vasoactive agents, which regulate blood pressure and the actions of the renin-angiotensin
system. Prostaglandin excretion can also be measured relatively easily without using
invasive techniques. It is therefore possible to use these measurements to compare the rat
model with cohorts of human subjects studied with respect to the ‘fetal origins

hypothesis’.

Although there are many similarities between the rat model and the human disease, there

is very little biochemical evidence that the mechanisms linking fetal nutrition and later
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hypertension identified in the rat model, are the same as those involved in the progression
of human disease. The aim of this study was to determine whether similar disturbances
of prostaglandin excretion to those noted in Chapter 4:part 1, are found in the human
population in relation to the risk of hypertension. Such a comparison of rat and human

observations is a unique step in the study of the fetal origins of hypertension.

4.6. Methods
The subjects were recruited from the Princess Anne Hospital Growth Study and the MRC

Salisbury cohort with the help of Mr T. Wheeler (Department of Obstetrics and
Gynaecology, Princess Anne Hospital, Southampton) and Dr P. Clark (MRC
Environmental Epidemiology unit, Southampton General Hospital, Southampton)
respectively. The methods of recruitment and urine collection are as described in chapter
2, as are the methods of PGE, determination. Results were analysed using linear
regression analysis by Professor C. Osmond (MRC Environmental Epidemiology unit,

Southampton General Hospital, Southampton).

A preliminary study was carried out to assess the effects of different methods of sample
collection on the stability and measurement of urinary PGE, and creatinine. Five
volunteers collected 4 urine samples at different times of the day. Each sample was
divided into 4 aliquots, the first of which was frozen at -70°C immediately. The second
aliquot was acidified (6M HCI) and frozen immediately, whilst the third and fourth
aliquots were acidified and frozen after 6 and 72 hours respectively. Urinary PGE, was
determined in each sample and expressed per mg creatinine. The addition of acid and the
length of time before freezing had no significant effect on the PGE, concentration
(variation was < 10%). The variation between samples collected at different times of the

day was < 15%
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4.7. Results

4.7.1. Birth Characteristics

All of the subjects were born at full term in either the Princess Anne Hospital,
Southampton or in Salisbury where their birth measurements were made by hospital staff
for their own clinical records. 96 children were included in the study (50 boys and 46
girls). The birth weight, ponderal index and head circumference measurements for each
group are shown in Table 4.3. The children born in Salisbury were, on average, smaller
at birth than those born in Southampton and were thinner with smaller head

circumference 1.e. disproportionately smaller (Table 4.3).

4.7.2. Current characteristics

All of the children on the study were considered to be normal and in good health. The
age of the children at the time of urine collection was 9.66 + 0.14 years. The current
height, weight and blood pressure of the children is shown in Table 4.4. Multiple
regression analysis showed that current systolic blood pressure was correlated with birth
weight (R=-0.314, p=0.05), ponderal index (R=-0.332, p=0.046) and head circumference
(R=0.331, p=0.047) after data was corrected for child’s current weight and height.
Diastolic blood pressure did not show the same level of correlation with birth
characteristics.  Urinary PGE, was measured using an enzymeimmunoassay kit
(Amersham) and was expressed per creatinine. A summary of the results is shown in
Table 4.4. Children born in Salisbury were, on average, slightly older than those born in
Southampton and tended to have higher diastolic blood pressures (p<0.05), as well as

being shorter (not significant) and weighing less (not significant, Table 4.4).

4.7.3. The relationship between birth characteristics, current characteristics and urinary
PGE; concentrations

Regression analyses were performed to determine the relationship between urinary PGE;
concentrations and birth and current characteristics, which may relate to the risk of
hypertension in later life. PGE, concentrations did not correlate with any of the current

characteristics such as age, height, weight, systolic blood pressure or diastolic blood
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pressure (Shown in Figures 4.6 — 4.10). No correlation was noted between PGE; and
birth weight (Figure 4.11). Urinary PGE, was found to be negatively correlated with
both ponderal index (Figure 4.12, p<0.05) and head circumference (Figure 4.13, p<0.04).
Data was corrected for sex, which strengthened both relationships (p<0.02 and p<0.03 for
ponderal index and head circumference respectively). PGE; by tertiles of ponderal index
and head circumference are shown in Table 4.5. The above effects were not observed

when the two groups of children were analysed separately.
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Table 4.3. Birth characteristics of study subjects

All Salisbury Southampton
Birth weight (g) 3430 + 562 3266 + 499 3539 + 579*
Head circumference (cm) 3520+ 1.50 3433+1.13 3562 +1.41%%
Ponderal index 27.08 + 3.02 2548 + 2.33 27.95 £3.01**

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital

Growth Study. Birth characteristics were taken from hospital records.

Results were

expressed as the mean =+ standard deviation. *p<0.05, **p<0.001 where p shows the

difference between the Southampton group and the Salisbury group.
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Table 4.4. Current characteristics of study subjects

All Salisbury Southampton
Age (years) 9.66 + 0.14 9.80 + 0.13 962+ 0.11%
Height (cm) 136.57 + 6.26 | 13430 + 6.40 | 137.30 + 6.10
Weight (kg) 33.14 + 6.06 3142 + 558 33.71 £ 6.15
Diastolic pressure (mmHg) 54.78 £ 6.05 57.10 + 5.77 54.01 + 5.98*
Systolic pressure (mmHg) 9772 + 854 | 10083 + 114 96.68 + 7.18
PGE, (pg/mg creatinine) 377+ 1.72 402 + 1.85 361+ 1.61

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
measurements were made on the respective cohort studies. Urine samples were collected
and urinary PGE, concentrations were measured using an enzymeimmunoassay
(Amersham) and were expressed per creatinine. Results were expressed as the mean =+

standard deviation. *p<0.05 where p shows the difference between the Southampton and

Salisbury studies.




Figure 4.6. Urinary PGE,; concentration plotted against age

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
measurements were made on the respective cohort studies. Urine samples were collected
and urinary PGE, concentrations were measured using an enzymeimmunoassay
(Amersham) and were expressed per creatinine. R = -0.058, p=0.66. Units = pg/mg

creatinine.
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Figure 4.7. Urinary PGE; concentration plotted against current height in cms

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
measurements were made on the respective cohort studies. Urine samples were collected
and urinary PGE, concentrations were measured using an enzymeimmunoassay
(Amersham) and were expressed per creatinine. R = 0.096, p =0.41. Units = pg/mg

creatinine.
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Figure 4.8. Urinary PGE; concentration plotted against current weight in kgs

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
measurements were made on the respective cohort studies. Urine samples were collected
and urinary PGE, concentrations were measured using an enzymeimmunoassay
(Amersham) and were expressed per creatinine. R = -0.043, p =0.71. Units = pg/mg

creatinine.

114



PGE2

60

10
- -
®
8 b
O~
I
6 ®
C -
O J’
O O
o~ C) o \_/‘ . -
e — — O /:/: -
o YOGy = o
. 990 O ¥ "o
, L Do . ED _
- )
O O “5
8 5 oF
O
O | | | i | | j
15 20 25 30 35 40 45 50 55

Current Weight (kg)



Figure 4.9. Urinary PGE; concentration plotted against current systolic blood
pressure

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropomeiric
and blood pressure measurements were made on the respective cohort studies. Urine
samples were collected and urinary PGE, concentrations were measured using an
enzymeimmunoassay (Amersham) and were expressed per creatinine. R = -0.104, p

=0.37. Units = pg/mg creatinine.
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Figure 4.10. Urinary PGE; concentration plotted against current diastolic blood
pressure

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
and blood pressure measurements were made on the respective cohort studies. Urine
samples were collected and urinary PGE, concentrations were measured using an
enzymeimmunoassay (Amersham) and were expressed per creatinine. R = -0.098, p

=0.40.
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Figure 4.11. Urinary PGE, concentration plotted against birth weight in grams

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
and blood pressure measurements were made on the respective cohort studies. Urine
samples were collected and urinary PGE; concentrations were measured using an
enzymeimmunoassay (Amersham) and were expressed per creatinine. R = -0.100, p

=0.33.
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Figure 4.12. Urinary PGE, concentration plotted against ponderal index

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
and blood pressure measurements were made on the respective cohort studies. Urine
samples were collected and urinary PGE; concentrations were measured using an
enzymeimmunoassay (Amersham) and were expressed per creatinine. R = -0.211, p

=(0.047.

118



O
)
O
O
O
O
O ! ! |
20 25 30 35

Ponderal Index at birth



Figure 4.13. Urinary PGE, concentration plotted against head circumference at
birth

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital
Growth Study. Birth characteristics were taken from hospital records and anthropometric
and blood pressure measurements were made on the respective cohort studies. Urine
samples were collected and urinary PGE, concentrations were measured using an
enzymeimmunoassay (Amersham) and were expressed per creatinine. R = -0.222, p

=0.037.

119



10

PGE2

O

| . ]

32.5 35 37.5 40

Head Circumference at birth (cm)



Table 4.5. PGE, by tertiles of ponderal index and head circumference.

Ponderal index n Head circumference n
<25.64 411+ 20 |29 <34.49 425+ 2.06 26
25.65-28.01 406 + 1.8 30 34.50-35.62 391+ 1.82 27
>28.01 329+ 13 |29 >35.62 332+ 1.37 29
P for trend <0.02 <0.03

Subjects were recruited from the MRC Salisbury study or the Princess Anne Hospital

Growth Study. Birth characteristics were taken from hospital records and anthropometric

and blood pressure measurements were made on the respective cohort studies. Urine

samples were collected and urinary PGE; concentrations were measured using an

enzymeimmunoassay (Amersham) and were expressed per creatinine. Results shown are

corrected for sex.
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4.8 Discussion

Epidemiological studies and animal studies have provided evidence that intrauterine
growth retardation is associated with an increased risk of hypertension in later life
(Barker er af, 1993, Langley-Evans er al, 1996b, chapters 3 & 4). A rat model of
maternal diet induced hypertension has been used to investigate the mechanisms of
cardiovascular programming (Langley-Evans er a/, 1996g, chapters 3 & 4). Rats
exposed to a low protein diet in wufero have elevated urinary PGE, excretion rates
associated with raised systolic blood pressures. The aim of this study was to determine
urinary PGE, concentrations in a healthy human population to see whether similar
disturbances of prostaglandin excretion accompany an increased risk of developing
hypertension, associated with birth characteristics. The study assessed whether, in this
respect, the low protein exposed rats are an appropriate model of the mechanism leading

to human hypertension.

All of the subjects were chosen from two established cohort studies in Salisbury and
Southampton. Data on birth weights and measurements and current anthropometric
measurements and blood pressures were already available on each of the subjects in
databases, held by the MRC Environmental Epidemiology Unit, Southampton. In the
case of the Salisbury subjects 24-hour urine samples were already available (frozen at —
80°C) and single urine samples were collected from each of the Southampton subjects.
PGE, was measured in all urine samples and expressed per creatinine. PGE, was plotted

against all birth and current characteristics and regression analyses performed.

The birth characteristics of the two study groups were significantly different. The values
for birth weight, ponderal index and head circumference, were lower in the children born
in Salisbury. This is possibly due to the different methods of selection of subjects used
for each study. Children on the Salisbury study were randomly selected from the bottom,
middle and upper quintiles, whilst the children from Southampton were a completely
random group. Age at the time of urine collection was significantly different between the

two studies. The difference between the mean ages of each study was less than 3 months
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and the variation within each study was greater than this. There were no significant

differences in the current characteristics of the children in the two cohorts.

The differences between the study groups, not only in the birth characteristics of the
subjects, but also in the methods of urine collection, led to careful consideration about
whether the results should be analysed together. Caution in interpretation of the results
was necessary because one set of urine samples had been stored for 2 years without being
acidified whilst the other set were recently collected and had been acidified before
storage. The following points were considered to justify the joining of the two data sets
for analysis. Primarily this was a preliminary study and although the birth weights
differed between the two groups, the mean for both groups fell between the 25th and 75th
percentile on standard birth weight charts (Tanner & Thomson, 1970). Secondly, urinary
PGE, concentrations did not differ significantly between the two studies and followed the

same pattern of normal distribution in both groups.

It was recognised that there is a large variation in creatinine excretion both within and
between individuals which may have affected the ability to identify differences in urinary
PGE, excretion. Creatinine excretion may vary within individuals due to a requirement
for ATP. Urinary creatinine is a measure of muscle mass, which varies between
individuals, and is a statement about their body composition and growth. Dietary
consumption of meat also influences urinary creatinine excretion. It is recognised that
these factors themselves may also influence blood pressure, and may have been

influenced by fetal growth.

Markers of fetal growth i.e. size and shape at birth were correlated with current systolic
blood pressure in this study, thus supporting the “fetal origins hypothesis’ (Barker, 1994).
It was therefore assumed that birth characteristics were associated with the risk of
becoming hypertensive in later life, for the purpose of interpreting the results of the
study. Interestingly the smaller Salisbury babies had higher diastolic blood pressures as

children than the larger Southampton babies.

122



Urinary PGE, concentrations were analysed against current characteristics as it was
expected that characteristics such as current height and weight and blood pressure would
be related to levels of a hormone, which is involved in the control of blood pressure.
However, no correlation was found between PGE, and any of the current characteristics.
This suggests that urinary PGE, excretion is independent of current growth and size and
does not influence current systemic blood pressure. However, it is still possible that

PGE, could have effects on local blood flow, for example in the kidney.

Birth measurements were used as indices of intrauterine growth and therefore as markers
for risk of hypertension in later life (Barker er al, 1993). Since low protein exposed rats
had higher urinary concentrations of PGE, compared to the controls, if this is a good
model of programming in humans, it was expected that urinary prostaglandin excretion
would be higher in the children with an increased risk of hypertension. The rats that have
higher urinary excretion rates for PGE; also have elevated blood pressures at the time of
measurement. It was therefore considered that the children chosen may not show
increased PGE, levels, as they do not yet show signs of elevated blood pressures.
Urinary PGE, concentrations were not correlated with birth weight per se. This may not
be surprising as the low protein exposed rats are often not of low birth weight but show
disproportionate growth (Langley-Evans et al, 1996b, Chapters 3 & 4). Urinary PGE,
concentrations were, however, negatively correlated with both head circumference and
ponderal index. Children who were born with smaller heads and proportionally thin
bodies were excreting greater amounts of PGE, at age 9-10 years, which supports the
results from the rat model. Head circumference has its peak velocity of growth at about
15-17 weeks of gestation (Tanner, 1989) which suggests that a low head circumference
may be due to growth retardation in mid-gestation. Nutritional restriction during mid-
gestation is also related to a low ponderal index and an increased risk of diabetes and
hypertension in later life (Barker, 1994). The results from this study were remarkable
considering that the subjects were young healthy children showing no signs of increased

blood pressure and that relatively small numbers were available.
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These data suggests that intrauterine growth retardation may lead to a disturbance in
either the production or degradation of prostaglandins. Spontaneously hypertensive rats
exhibit particularly high desaturase activities (Narce ef a/, 1994) and decreased activity of
15-hydroxyprostaglandin dehydrogenase (Tai er af, 1979). It is possible that the
increased urinary PGE, excretion observed in the children who exhibit signs of
disproportionate fetal growth, is related to impaired development of the kidney. Fetal
kidney growth is disproportionate and slower in small fetuses than in those appropriate
for gestational age (Konje e a/, 1996) and nephron number is decreased in growth
retarded babies (Hinchcliffe ef al, 1992).

These results are particularly important as it is the first biochemical evidence that the rat
model shares characteristics with human cohorts, which have already been investigated
with respect to cardiovascular programming. The manipulation of the diet used in the rat
model, which is a mild protein restriction with an increase the carbohydrate content, has
been shown to be similar to deficits in the human diet, which have been associated with
intrauterine growth retardation. The protein and carbohydrate content of the diet in the
human population has been related to both fetal growth (Godfrey ef o/, 1996) and blood
pressure in later life (Campbell er al, 1996). The rat model shows similar patterns of
disproportionate fetal growth to those that occur in the human population (Langley-Evans
et al, 1996b, Barker, 1994). The associations of poor maternal nutrition, fetal growth
retardation and hypertension in later life observed in the human population are also
clearly shown in the rat model. However, the association between increased urinary
prostaglandin E, excretion and poor fetal growth is the first clear biochemical indicator
that the mechanism underlying the fetal origins of hypertension may be the same in the

human population, as it is in the rat model.

In conclusion, urinary PGE, excretion has been shown to be associated with markers of
fetal growth and therefore the risk of hypertension in later life, in healthy 9-10 year old
children. These results provide further evidence for the fetal programming of
hypertension and show that the rat model is an appropriate and important tool in the study

of the mechanisms involved in the fetal origins of human disease.
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Chapter 5: Part 1

The effect of captopril treatment on 10-week-old rats exposed to a maternal low

protein diet in utero.

5.1. Introduction
Studies by Konje ef a/ (1996) and Martyn ef al (1996) have indicated that disturbances of

the renin-angtotensin system in humans may be associated with fetal growth retardation.
Rat studies presented in Chapter 3 of this thesis indicate that fetal exposure to a maternal
low protein diet increases pulmonary ACE activity, tends to increase plasma angiotensin
II concentrations and may elevate plasma renin activity in a timing specific manner.
These findings are complemented by evidence of disturbed prostaglandin metabolism in
low protein exposed rats, that appear also to be evident in children who exhibited signs of

disproportionate growth at birth (Chapter 4).

Rats exposed to a maternal low protein diet have been shown to have elevated ACE
activity associated with raised blood pressures (Langley & Jackson, 1994, Chapter 3).
Captopril, which is an ACE inhibitor, was shown to reversibly normalise the blood
pressures in these rats (Langley-Evans & Jackson, 1995). These results suggest that the

renin-angiotensin system has a role for the maintenance of the elevated blood pressure in

this model.

The aim of the study reported in the present chapter, was to further investigate the effect
of captopril, in particular looking at the effect of the drug on blood pressure, the renin-
angiotensin system and the growth and development of the low protein exposed

offspring.

5.2. Methods

The methods of animal production and dietary administration were as described in
chapter 2. The rats used in the current study were taken from the group first described in
chapter 3. Thirty-three adult female offspring were used (from 8 mothers), 18 of which

were offspring of mothers fed a low protein diet (n = 4). Captopril was administered at
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1g/L in the drinking water of individually housed rats, at 10 weeks of age for a two-week
period, and daily intake calculated. The administered dose of captopril was
approximately 182 mgs/kg body weight/day for both 18 and 9% casein exposed animals.
Blood pressure was determined at days 0, 7 and 14 of the administration protocol. Rats
were culled by decapitation at 12 weeks of age. Methods of blood pressure measurement,
culling and blood and tissue collection were as previously described in chapter 2 (parts
2.4 and 2.7). ACE activity, plasma renin activity, plasma angiotensin Il concentrations

and urinary 6-keto-PGF, were analysed using assays described in section 2.9.

5.3. Results
The rats used in the current study were taken from the group first described in chapter 3.

Thirty-three adult female offspring were used (from 8 mothers), 18 of which were
offspring of mothers fed a low protein diet (n = 4). The male offspring were used in
separate studies within our laboratory. Two of the rats from the 18% protein control
group were culled due to illness and were therefore not included in later analyses. Birth
weights for the two groups were not significantly different and litter sizes did not differ
between the groups (Table 3.5). At weaning, body weights were higher in the low protein
exposed group compared to the controls (Table 3.6). At 9 weeks of age the low protein

group still weighed significantly more than the controls (Table 3.6).

5.3.1. The effect of captopril treatment on the blood pressures of rats exposed to a

maternal low protein diet.

At 10 weeks of age captopril was administered in drinking water to rats from both the
low protein group (n = 9) and control group (n = 7) at a concentration of 1g/L for a period
of two weeks. The remainder of each dietary group were provided with water only, as
controls. Fluid intake was similar in all groups of animals and intake of captopril
solution did not differ from normal water intake (Table 5.1). The administered dose of
captopril was approximately 182 mgs/kg body weight/day for both 18 and 9% casein
exposed animals. Blood pressure was determined at days 0, 7 and 14 of the
administration protocol. Baseline (day 0) blood pressure measurements indicated that

animals exposed to a 9% casein diet in utero had significantly elevated blood pressures
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relative to 18% casein exposed controls (15-21mmHg higher, p < 0.05, Table 5.2).
Captopril had no significant effect upon the blood pressures of rats exposed to 18%
casein in utero (Figure 5.1, Table 5.2), however treatment with captopril significantly
reduced systolic blood pressure in the 9% protein exposed animals over a 14 day period

back to a level not different to control rats (p < 0.001) (Figure 5.1, Table 5.2).

5.3.2. Effect of captopril treatment on 6-keto PGF'14 excretion.

24-hour urine collections were made from randomly selected rats (n=6 per group) after
the period of captopril treatment. Equipment and time constraints limited the number of
urine samples collected. Urinary 6-keto-PGF;, concentrations were elevated, almost 2-
fold, in association with captopril treatment in the low protein exposed animals (Table

5.3),

5.3.3. The effect of feeding a maternal low protein diet on the organ weights of the
offspring.

At 12 weeks of age after 2 weeks of captopril treatment all rats were culled and blood and
tissue samples collected. Organ weights expressed per kg body weight are shown
Table 5.4. Organ weights were expressed per kg body weight in order to assess whether
specific organs had been affected by disproportionate growth. No significant differences
between the dietary groups were found in the lung, liver, heart or kidney weights. The
spleen, however, was found to be smaller in the rats exposed to a maternal 9% protein

diet compared to the controls (Table 5.4) irrespective of drug treatment.

5.3.4. Effect of captopril treatment on pulmonary ACE activity.

ACE activity was analysed in lung tissue from 12 week old rats following 2 weeks of
captopril treatment. Activity was found to be higher in the 9% protein exposed group in
comparison to control and captopril treated groups. In both groups of animals treated with
captopril, ACE activities were similar to activities in lungs of 18% protein control
animals. Treatment with captopril significantly reduced ACE activity in the low protein

exposed rats (Table 5.5).
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Table 5.1. The effect of giving captopril in drinking water on fluid intake in rats
exposed to either an 18% or a 9% protein diet in utero.

Fluid Intake g/day n
18% protein control diet 332 6
9% protein diet 29+ 4 9
18% protein diet & Captopril treatment 307 7
9% protein diet & Captopril treatment 31+5 9

Pregnant female rats were individually housed and given free access to either an 18%
protein control diet (n = 4) or a 9% protein diet (n = 4). Thirty-three female offspring
were successfully bred, 18 of which were from mothers fed a 9% protein diet. At 10
weeks of age 15 of the offspring (9 from the 9% protein exposed group) were treated with
captopril which was administered in their drinking water for a two-week period.
Captopril intake was measured gravimetrically every other day. Fluid intake was
calculated over this two-week period and expressed as the mean intake in g/day + SEM
for each group. Offspring treated with captopril originated from 4 litters (2 litters from

each dietary group).
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Figure 5.1. Change in blood pressure with captopril treatment over two weeks in
rats exposed to either a 9% or an 18% protein diet in utero

The offspring of mothers fed 18% and 9% protein diets throughout pregnancy were
treated with captopril in drinking water at 1g/l for a period of 14 days. Captopril intake
was 182mgs/kg/day for both the 18% (n=7) and 9% (n=9) protein groups. Systolic blood
pressure was measured on days 0, 7 and 14 of treatment. Systolic blood pressure was
also measured in non-captopril treated controls for both the 18% (n=6) and 9% (n=9)
protein groups over the same period. *p<0.05 where p denotes the change in blood

pressure over 14 days.
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Table 5.2. The effect of captopril on systolic blood pressure in rats exposed to either
an 18% protein or a 9% protein diet in utero, over 14 day of treatment.

Systolic Blood Pressure (mmHg)
n Day 0 Day 7 Day 14
18% protein diet 6 127+ 5 124 + 3 122 + 3
9% protein diet 9 142 + 271 145 + 371 149 + 277
18% & Captopril 7 122+ 6 117+ 3 111+3
9% & Captopril 9 148 = 377 127 + 4 117 + 3*

The offspring of mothers fed 18% and 9% protein diets throughout pregnancy were
treated with captopril in drinking water at 1g/l for a period of 14 days. Captopril intake
was 182mgs/kg/day for both the 18% and 9% protein groups. Systolic blood pressure
was measured on days 0, 7 and 14 of treatment. Systolic blood pressure was also
measure in non-captopril treated controls from both the 18% and 9% protein groups over
the same period. Values are expressed as the mean systolic blood pressure for each group
+ SEM and results were analysed using a 3-way ANOVA and t-tests. "p=0.01 where p
denotes the significance of the difference of the blood pressure of each group from the
18% protein group. 'p=0.01 where p indicates a significant difference to the 18% protein
group treated with captopril. *p=0.01 where p denotes the difference of the blood

pressures for each group on day 14 compared to day 1.
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Table 5.3. The effect of maternal diet and captopril treatment on urinary 6-keto-
PGF1a concentrations at 12 weeks of age.

Dietary Group n Ng/24 hours
18% protein (control) 6 1792 + 2.9
9% protein 6 2014 + 14
9% protein & Captopril | 6 38.90 + 4.6

The offspring of mothers fed 18% and 9% protein diets throughout pregnancy were
treated with Captopril in drinking water at 1g/1 for a period of 14 days. Captopril intake
was 182mgs/kg/day for both the 18% and 9% protein groups. 24 hour urine collections
were made from randomly selected rats and prostaglandin measurements made using an
enzymeimmunoassay. Results are expressed as mean + SEM and were analysed using
ANOVA and t-tests. p<0.05 where p denotes the difference from the control. 19<0.05

where p denotes the difference from the 9% protein group.

131



Table 5.4. The effect of feeding a maternal low protein diet on the organ weights of
the offspring at 12 weeks of age.

o

o g/kg body weight

Lung Liver Heart Spleen Kidney | Body
weight

18% protein | 6 6.9:0.3 | 49.842.2 1 43:02 |36+02 | 39+0.1  203:2

9% protein | 9| 6.7+0.2 | 47.5¢1.5 | 45+03 | 3.0:0.2°T | 3.8:0.1 | 214+1

18% & drug | 7/ 6.7:0.2 | 482+14 44202 |35+:02 |39+00 |200:4

9% & drug | 9 6.7:0.2 | 469:+1.1 | 4202 |3.1£0.17  3.9:0.1 | 21345

Pregnant female rats were given free access to either an 18% protein control diet or a 9%
protein diet throughout pregnancy. Some of the offspring were treated with captopril at
10 weeks of age for a two-week period. At 12 weeks of age all animals were culled and
organ weights measured. Organ weights are expressed as mean + SEM in g/kg body
weight. Results were analysed using ANOVA and t-tests. p<0.05, where p denotes the
significance of the difference of the organ weights of each group compared to the 18%
protein group. 'p<0.05, where p denotes the difference from the 18% protein group

treated with captopril.
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Table 5.5. The effect of captopril treatment on pulmonary ACE activity in 12 week
old rats exposed to a maternal low protein diet in utero.

Dietary Group n ACE (units)
18% protein 6 33 427

9% protein 9 40 £ 28
18% & Captopril 7 29 +1

9% & Captopril 9 31+ 3"

The offspring of mothers fed 18% and 9% protein diets throughout pregnancy were
treated with Captopril in drinking water at 1g/1 for a period of 14 days. Captopril intake
was 182mgs/kg/day for both the 18% and 9% protein groups. All rats were culled at 12
weeks of age and organs and plasma removed for analysis. Results are expressed as
mean + SEM and were analysed using ANOVA and t-tests. p<0.01 where p denotes the
difference from the control group, 'p<0.01 where p denotes the difference from the 9%
protein group, ip<0.01 where p denotes the difference from the 9% protein and captopril
treated animals, §p<0.01, where p is the difference from the 18% protein group which

were treated with captopril.
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5.4. Discussion

Epidemiological evidence has suggested that there is a link between intrauterine growth
retardation and an increased risk of hypertension in later life (Barker er a/, 1990). This
has received support from rat models where hypertension has been associated with the
feeding of a low protein diet in utero (Langley & Jackson, 1994, chapter 3). Previous
studies with this rat model of hypertension, induced by fetal exposure to maternal low
protein diets, have demonstrated elevated pulmonary ACE activity (Langley & Jackson,
1994, chapter 3) and a reduction in blood pressure with captopril treatment (Langley-
Evans & Jackson, 1995). The aim of this study was to show the effects of captopril
treatment on ten week old rats exposed to a maternal low protein diet. ACE activity is
elevated without an apparent effect on circulating angiotensin II concentrations in this
model and it is therefore important to establish whether this is related in a causal manner
to the raised blood pressure observed, or just coincidental. The present study differs from
the original study of Langley-Evans & Jackson (1995), in that younger animals were used
and that a separate group of untreated controls were used rather than using the period

before treatment as an internal control.

Pregnant female rats were fed either an 18% casein control diet or a 9% casein, low
protein diet throughout gestation ad /libitum. Birth weights did not differ between the
groups. The offspring of the mothers fed a 9% protein diet gained more weight in later
life than the control animals. By 10 weeks of age blood pressure was significantly
elevated in the rats exposed to a maternal low protein diet. The elevated blood pressure
noted did not correlate with the increased body weight observed. At 10 weeks of age
captopril was administered to a group of 18% protein exposed rats and a group of 9%
protein exposed rats in their drinking water. Captopril treatment reduced blood pressure
in the offspring of the low protein fed mothers over a period of two weeks. Organ
weights were not significantly effected by maternal diet or captopril treatment, except the
spleen which was significantly lighter in the low protein exposed rats. Pulmonary ACE

activity was elevated in the 9% protein exposed rats and this was reduced to control
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levels with captopril treatment. Captopril treatment had no significant effect on control

animals.

Birth weights did not differ between the groups as shown in the previous chapter. Large
numbers of offspring need to be included in the analysis to observe the effect of maternal
diet on birth weight, as other factors such as slight variations in litter size or maternal size
and the position of each fetus on the uterine horn will also affect fetal growth. The birth
weights of the low protein exposed animals are generally found to be low to normal in
this model indicating the moderate nature of the dietary restriction (Langley-Evans ef al,
1996b, Chapter 3). As described in Chapter 3 organ weights were not significantly
affected by maternal exposure to a low protein diet, except for the spleen, which was
significantly smaller in the 9% protein treated animals compared to the controls.
Captopril treatment had no effect upon organ weights. The reduction in size of the spleen
observed in the low protein exposed rats suggests a possible effect upon the immune
system. Studies have shown that exposure of rats to a low protein diet in utero affects
their response to endotoxin challenge in early adulthood (Langley er al, 1994). Studies in
the Gambia have shown that people who have suffered fetal undernutriton are more
susceptible to infection in later life (Moore ef al, 1997). Spleen weight, proliferation of
spleen and thymus lymphocytes in response to B-cell and T-cell mitogens, and spleen
natural killer cell activity, are all significantly reduced in the offspring of rats exposed to
a maternal 9% protein diet in comparison to those exposed to an 18% protein control diet
(Calder & Yacoob, 1999). This suggests that aspects of immune function are

programmed in utero by maternal diet.

At ten weeks of age the low protein group had significantly elevated blood pressures
relative to control rats, consistent with the results of previous studies (reviewed in
Langley-Evans, 1996). Captopril was administered in the drinking water and intake was
similar in both the low protein and the control animals. Although captopril has a strong
smell in the drinking water, this did not appear to affect the intakes. The dose of 1g/L

was chosen to allow a comparison with a previous study by Langley-Evans & Jackson
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(1995), and studies with the Spontaneously Hypertensive Rat (Lee er al, 1991). The rats
used in the Langley-Evans & Jackson study were 23 weeks of age and therefore had
greater body weights than the rats in the present study, but had similar fluid intakes. This
meant that the dose of captopril in mg/kg body weight per day in the present study was
approximately double the dose used in the Langley-Evans & Jackson study
(182mgs/kg/day and 98.2mgs/kg/day respectively). Administration of captopril
significantly lowered systolic blood pressure in the low protein group only, and had no
significant effect on the blood pressure of the control animals. ACE inhibition appeared
to totally abolish hypertension in animals exposed to a maternal low protein diet. The
effect of captopril on the low protein exposed rats was not due to an increased fluid
intake in these animals and therefore an increased dose relative to that taken by control
rats. In the previous study by Langley-Evans & Jackson (1995) the animals treated with
captopril were much older (23 weeks) and blood pressure measurements were continued
for a further 8 weeks after treatment. The blood pressures of the low protein exposed
rats rose slowly and steadily and were significantly elevated compared to the control
animals eight weeks after cessation of treatment. This suggests that captopril treatment in
adult animals does not have a permanent effect and that blood pressure would eventually

return to the pre-treatment level.

The main mechanism of action of captopril is through inhibition of ACE activity, which
leads to a decrease in the production of angiotensin II. However plasma angiotensin Il
concentrations are not significantly different in low protein exposed animals compared to
controls (Chapter 3). ACE activity was inhibited with captopril treatment but only in the
low protein exposed animals. Studies of the efficacy of ACE inhibitors have shown that
ACE activity is not totally abolished and that angiotensin T is still converted to
angiotensin II (Vos ef al, 1995). Angiotensin II is also generated by non-ACE pathways
(Dzau, 1989). The enzymes tissue plasminogen activator, tonin, and cathepsin G are
known to convert angiotensin I to angiotensin II in vitro (Tang et al, 1989, Klickstein ef
al, 1982), which may explain why angiotensin II is still produced in the presence of an

ACE inhibitor. It is assumed that treatment with an ACE inhibitor causes a decrease in
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angiotensin II concentrations and therefore an increase in renin activity. Discrepancies
between blood pressure reduction induced by ACE inhibitors and angiotensin I
concentrations have previously been explained by the difficulties in measuring
angiotensin II in the presence of high angiotensin I concentrations, because of ex-vivo

angiotensin II formation (Shalekamp et a/, 1992).

Captopril may in fact influence blood pressure by methods other than ACE inhibition.
Captopril treatment in the present study was shown to significantly increase urinary
excretion of 6-keto-PGF, in the 9% protein exposed rats. This is supportive of other
studies. Captopril treatment increases prostaglandin production, specifically PGE, and 6-
keto-PGF,,, which are potent vasodilators (Swartz ef al, 1979). Captopril is also a thiol-
containing compound and a free radical scavenger (Sunman er a/, 1993), which is
reported to combine with nitric oxide to produce nitrosothiols which are potent relaxants
of smooth muscle (Henry ef a/, 1989). ACE inhibitors also block the degradation of
bradykinin, which is a vasodilator (Scholkens et al, 1987).

In conclusion the results from the present study have shown that the maternal diet
induced hypertension is abolished by treatment with captopril, supporting the suggestion
that the elevated ACE activity may have a role for the maintenance of hypertension in
this model. It is important to recognise, however, that due to the other actions of the drug
captopril, that the effect seen may not specifically due to an effect on the renin-
angiotensin system. The main action of captopril is considered to be ACE inhibition,
which leads to a decrease in the production of angiotensin Il from angiotensin I. There is
no evidence, however, that angiotensin I is elevated in the low protein exposed animals.
It is therefore plausible that the relationship between elevated ACE activity and raised
blood pressure may not be causal in this model. It is possible that angiotensin II may be
elevated for a transient period during early life, and that measurements have not been
made at an appropriate time to detect this. If this is the case then elevated ACE activity
during this period, may be partially responsible for the initiation of hypertension.

Spontaneously Hypertensive Rats do not develop the full hypertensive syndrome if
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treated with an ACE inhibitor in early life, even after withdrawal of the drug. It is
suggested that either an early increase in blood pressure or the actions of angiotensin 1I,
may lead to structural vascular changes, such as vascular smooth muscle hypertrophy,
which lead to both the maintenance and amplification of high blood pressure in these
animals (Adams ef a/, 1990). The blood pressures of the low protein exposed rats rose
slowly and steadily and were significantly elevated compared to the control animals eight
weeks after cessation of treatment. This suggests that captopril treatment in adult animals
does not have a permanent effect and that blood pressure would eventually return to the
pre-treatment level. It is therefore considered important to assess whether captopril
treatment also has such long-term effects in this nutritional model of programmed

hypertension.
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Chapter 5: Part 2.
Long Term Effects of Early Captopril Treatment on Rats Exposed to Maternal Low

Protein Diets.

5.5. Introduction

Rats exposed to a maternal low protein diet in utero have significantly elevated systolic
blood pressures in later life (Langley & Jackson, 1994, chapter 3). This raised blood
pressure is observed from an early age and is persistent in to later life (Langley &
Jackson, 1994). This rat model of maternal diet induced hypertension is being used to

study the mechanism involved in the fetal programming of hypertension.

Captopril, which is an ACE inhibitor, was shown, in the previous study (Chapter 5: part
1), to normalise the blood pressures of adult low protein exposed rats, suggesting that the
renin-angiotensin system may have a role for maintaining the elevated blood pressure
observed in this model. In spontaneously hypertensive rats blood pressure can be
reduced by treatment with an ACE inhibitor at an early age, and is maintained at lower
levels even after treatment with the drug has ceased (Harrap ef a/, 1990). The aim of this
study was to determine whether early captopril treatment could similarly prevent the
development of elevated blood pressure in this rat model of maternal-diet-induced
hypertension. Captopril administration is associated with birth defects if given during
pregnancy. It was therefore given at the earliest age possible after birth when pups are
able to drink from a water bottle, which was at 2 weeks of age. The effects on body

weight, blood pressure and organ weights were assessed.

S.6. Methods

The methods of animal production and dietary administration were as described in
chapter 2. Captopril was administered in the drinking water at 0.5g/L to litters for a two
week period from two weeks of age. The daily intake of captopril was calculated for
each litter, and individual doses estimated by subtracting the estimated maternal intake

and dividing the remainder by the number of offspring in each litter. Methods of blood
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pressure measurement, culling and blood and tissue collection were as described
previously in chapter 2 (Sections 2.4 and 2.7). Lungs were dried over night at 60°C in

order to assess dry lung weights.

5.7. Results

Eight virgin female Wistar rats were mated and given free access to a low protein (9%
casein) diet throughout gestation. A further seven were fed a control diet (18% casein)
throughout pregnancy. 158 offspring were born, 100 of which were from mothers fed a
5% protein diet during gestation. There was no significant difference in litter size
between the 9% protein group (12.5+ 1 offspring) and the controls (9.5+1 offspring). All
litters were reduced to a maximum of eight shortly after birth. Excess offspring from
each litter were culled by decapitation. Birth weights were significantly lower in the low
protein exposed animals compared to the controls (p<0.005, Table 5.6), and this dietary

effect was stronger in the female offspring than in the male (Table 5.6).

5.7.1. The effects of captopril treatment on the body weights of rats exposed to a

maternal low protein diet

At 2 weeks of age, eight of the litters (4 from 9% protein fed mothers and 4 from control
mothers) were treated with captopril in their drinking water. The captopril was
administered at 0.5g/1 of drinking water and fluid intake did not differ between the two
dietary groups. Captopril intake was 99.9 + 54mgs’kg body weight/day and 98.9
+ 4.9mgs/kg body weight/day for the low protein exposed group and the 18% casein
controls respectively. At 4 weeks of age the offspring which had been exposed to a
maternal low protein diet were significantly heavier than the 18% casein controls (Tables
5.7 and 5.8). The male low protein exposed animals that had received captopril treatment
weighed significantly less than the 18% casein controls (p < 0.005, Table 5.7), whereas
the weights of the female low protein exposed captopril treated rats did not differ from
those of the non-treated 18% casein fed controls (Table 5.8). Captopril treatment did not
have a significant effect on the body weights of the 18% protein exposed male or female

animals (Tables 5.7 and 5.8). By 12 weeks of age there were no significant differences in
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body weight between the two dietary groups among either the males or females (Tables
5.7 and 5.8). The captopril treated 9% protein exposed males weighed significantly less
than all other groups (p < 0.05, Table 5.7).

5.7.2. The effects of early captopril treatment on the blood pressures of rats exposed to a
maternal low protein diet

Baseline blood pressure measurements were not made prior to treatment at two weeks of
age as the rats are too small to make accurate measurements on at this age. Systolic
blood pressures were measured at 4 and 12 weeks of age using the tail cuff method. No
sex differences were noted. At 4 weeks bf age systolic blood pressure was elevated in the
low protein exposed animals compared to the 18% casein controls (26mmHg higher).
However, the low protein exposed rats that had received captopril treatment had blood
pressures that were similar to those of 18% protein exposed control rats (Table 5.9).
Captopril treatment did not appear to alter the blood pressures of the 18% protein
exposed animals (Table 5.9). By 12 weeks of age the blood pressures in all groups had
increased compared to the pressures at 4 weeks of age (p<0.001). At 12 weeks of age the
blood pressures of the low protein group remained elevated, compared to the 18% protein
controls (p<0.001, Table 5.10). The rats exposed to a maternal low protein diet and
subjected to early captopril treatment maintained their blood pressures at control levels
and captopri! treatment had no significant effect on the blood pressures of 18% protein

exposed rats (Table 5.10).

5.7.3. The effect of maternal diet and captopril treatment on organ weights

All animals were culled at 12 weeks of age by decapitation. Lungs and kidneys were
removed and weighed. Kidneys were studied as previous experiments have suggested
that feeding a maternal low protein diet may affect the development of the kidney. Lungs
were studied because they are the major site for the production of ACE, and captopril
treatment may affect lung function. Organ weights were expressed as g/kg body weight.
In the male offspring the kidney to body weight ratio was lower in the 9% protein

exposed rats compared to the controls (7% smaller, Table 5.11), however kidney size in
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the captopril treated low protein exposed animals did not differ from the controls (Table
5.11). Captopril treatment did not affect kidney size in the animals exposed to a maternal
18% protein diet (Table 5.11). In the female offspring kidney weight did not differ
significantly between groups (Table 5.12). Lung weights in g/kg body weight did not
differ between 9% and 18% protein exposed groups in either the males or females
(Tables 5.11 and 5.12). Male and female animals exposed to a low protein diet in utero
and subjected to early captopril treatment had significantly heavier lungs, than all other
groups (Tables 5.11 and 5.12). Dry lung weights, however, did not differ between the
groups (data not shown), suggesting an accretion of fluid in the lungs of captopril treated

rats.
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Table 5.6. The effect of feeding a maternal low protein diet on the birth weights of

the offspring.
Birth weight (g)
Dietary group Males n Females n
18% protein (control) diet 5.77 + 0.09 36 548 + 0.07 22
9% protein diet 5.56 + 0.07 59 5.14 £ 0.08 41
p (difference from control) 0.088 0.003

Pregnant female Wistar rats were fed either an 18% protein (control) diet (n=7) or a 9%

protein diet (n=8) throughout gestation. All offspring were weighed and sexed shortly

after birth. Birth weights are expressed as the mean + SEM. T-tests were used for

statistical analysis. p denotes the statistical significance of the difference from the control

group.
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Table 5.7. The effects of early captopril treatment on body weights at 4 and 12
weeks of age, of male rats exposed to a maternal low protein diet

n 4 weeks (g) 12 weeks (g)
18% protein (control) diet 11 |57+1" 396 + 6
9% protein diet 15 | 66+2"" 399+ 5
18% protein diet & captopril 11 | 52:3" 402 + 6
9% protein diet & captopril 12 |46+ 3" 377+ 6

Pregnant female Wistar rats were given free access to either an 18% protein control diet

(n=T7) or a 9% protein diet (n=8) throughout pregnancy. At two weeks of age 4 of the

litters from each dietary group were treated with captopril in their drinking water for a

two-week period. Body weights at 4 and 12 weeks are expressed as mean + SEM. Data
was analysed using 2-way-ANOVA and t-tests. p<0.05, ~ p<0.005, " p<0.001 where p

denotes the statistical difference of the mean body weight in each group from the 18%

protein control group. 'p<0.001 where p denotes the difference from the 9% protein

group. *p<0.05 where p shows the effect of captopril relative to non-captopril treated

animals in the same dietary group.
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Table 5.8. The effects of early captopril treatment on body weights at 4 and 12
weeks of age, of female rats exposed to a maternal low protein diet

n 4 weeks (g) 12 weeks (g)
18% protein (control) diet 9 |52z:2f 225 +3
9% protein diet 16 |60 +3" 231+ 5
18% protein diet & captopril 9 57 + 37 229 +4
9% protein diet & captopril 14 |54 :+2" 231 £ 2

Pregnant female Wistar rats were given free access to either an 18% protein control diet

(n=7) or a 9% protein diet (n=8) throughout pregnancy. At two weeks of age some of the

offspring were treated with captopril in their drinking water for a two-week period. Body

weights at 4 and 12 weeks are expressed as mean + SEM. Data was analysed using

ANOVA and t-tests. p<0.05 where p denotes the statistical difference of the mean body

weight in each group from the control group. 'p<0.05 where p denotes the difference
from the 9% protein group. *p<0.05 where p shows a significant effect of captopril

relative to non-captopril treated animals in the same dietary group.
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Table 5.9. The effects of early captopril treatment on systolic blood pressures at 4
weeks of age, of male and female rats exposed to a maternal low protein diet

n BP (mmHg)
18% protein (control) diet 20 103 + 2T
9% protein diet 31 129+ 2°
18% protein diet & captopril 20 105 + 27
9% protein diet & captopril 26 105+ 1™

Pregnant female Wistar rats were given free access to either an 18% protein control diet

(n=7) or a 9% protein diet (n=8) throughout pregnancy. At two weeks of age some of the

offspring were treated with captopril in their drinking water for a two-week period.

Systolic blood pressures were measured at 4 weeks using the tail cuff method. Blood

pressures at 4 weeks are expressed as mean + SEM. Data was analysed using 2-way-

ANOVA and t-tests. p<0.001 where p denotes the statistical difference of the mean

blood pressure in each group from the 18% protein control group. 'p<0.01 where p

denotes the statistical difference of the mean blood pressure in each group compared to

the 9% protein exposed group. *p<0.001 where p shows a significant effect of captopril

treatment relative to non-captopril treated animals in the same dietary group.
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Table 5.10. The effects of early captopril treatment on systolic blood pressures at 12

weeks of age, of rats exposed to a maternal low protein diet

n BP (mmHg)
18% protein (control) diet 19 132 + 31
9% protein diet 29 148 + 2°
18% protein diet & captopril 19 135+ 1™
9% protein diet & captopril 26 139 + 3™

Pregnant female Wistar rats were given free access to either an 18% protein control diet

(n=7) or a 9% protein diet (n=8) throughout pregnancy. At two weeks of age some of the

offspring were treated with captopril in their drinking water for a two-week period.

Systolic blood pressures were measured at 12 weeks using the tail cuff method. Blood

pressures at 12 weeks are expressed as mean + SEM. Data was analysed using 2-way-

ANOVA and t-tests. *p<0.()01 where p denotes the statistical difference of the mean

blood pressure in each group from the 18% protein control group. 'p<0.01, ™p<0.001

where p denotes the statistical difference of the mean blood pressure in each group

compared to the 9% protein exposed group. *p<0.001 where p shows a significant effect

of captopril treatment relative to non-captopril treated animals in the same dietary group.
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Table 5.11. The effects of early captopril treatment on kidney and lung weights at
12 weeks of age, of male rats exposed to a maternal low protein diet

n | Kidney wt (g/kg | Lung wt (g/kg body
body wt.) wt.)
18% protein (control) diet 11 |3.19 = 0.05™ 5.68 + 0.22
9% protein diet 14 1298+ 005" 5.42 + 0.22
18% protein diet & captopril 10 |3.10 + 0.08" 6.21 + 0.25
9% protein diet & captopril 13 | 3.11 = 0.06" 6.84 + 0307 "

Pregnant female Wistar rats were given free access to either an 18% protein control diet

(n=7) or a 9% protein diet (n=8) throughout pregnancy. At two weeks of age some of the

offspring were treated with captopril in their drinking water for a two-week period. At 12

weeks of age all animals were culled by decapitation and organs were removed and
weighed. Kidney weights and lung weights in g/kg body weight are expressed as mean +
SEM. Data was analysed using ANOVA and t-tests. p<0.05, * p<0.005 where p denotes

the statistical difference of the mean kidney or lung weight in each group from the 18%

protein control group. 'p<0.05, "5<0.005 where p denotes the statistical difference of the

mean kidney or lung weight in each group compared to the 9% protein exposed group.
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Table 5.12. The effects of early captopril treatment on kidney and lung weights at
12 weeks of age, of female rats exposed to a maternal low protein diet

n | Kidney wt (g/kg Lung wt (g’kg body
body wt.) wt.)
18% protein (control) diet &8 [327+005 6.72 + 0.22
9% protein diet 13 1323 +0.11 6.73 + 0.22
18% protein diet & captopril 9 1338:0.08 6.64 + 0.25
9% protein diet & captopril 12 {3.32+0.06 7.84 + 030"

Pregnant female Wistar rats were given free access to either an 18% protein control diet

(n=7) or a 9% protein diet (n=8) throughout pregnancy. At two weeks of age some of the

offspring were treated with captopril in their drinking water for a two-week period. At 12

weeks of age all animals were culled by decapitation and organs were removed and

weighed. Kidney and lung weights in g/kg body weight are expressed as mean + SEM.

Data was analysed using ANOVA and t-tests. p<0.005, where p denotes the statistical

difference of the mean lung weight in each group from the 18% protein control group.

Tp<0.001, where p denotes the statistical difference of the mean lung weight in each

group compared to the 9% protein exposed group.
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5.8 Discussion

Epidemiological studies have provided evidence of a link between intrauterine growth
retardation and hypertension in later life (Barker ef al, 1993). Animal models have been
developed which support the hypothesis that maternal nutrition affects the risk of
hypertension in the offspring (Langley & Jackson, 1994). Rats fed a low protein diet
during pregnancy produce offspring with elevated systolic blood pressures (Langley &
Jackson, 1994).

In the previous study (Chapter 5: part 1), the elevated blood pressures observed in this rat
model of maternal-diet-induced hypertension, were shown to be normalised with
captopril treatment. From earlier work (Langley-Evans & Jackson, 1995) it is inferred
that this effect is reversible. Studies with spontaneously hypertensive rats have shown
that early treatment with an ACE inhibitor prevents the development of hypertension in
these animals (Harrap ef o/, 1990, Morton, 1992). The aim of the present study was to
assess the long term effects of early treatment with captopril on maternal low protein diet
induced hypertension. Captopril was administered at the earliest possible date (when the
rats began to drink from the water bottles) which was at the age of two weeks, and

treatment lasted for a two week period.

The captopril dose for the previous study was chosen on the basis of work done by
Langley-Evans & Jackson (1995) and Lee ef a/ (1991). The dose was reduced by half for
the present study to account for the lower body weights of the animals. Calculation of
the actual dose received by individual rats is imprecise as the animals were still housed in
litters with their mothers. It is also possible that the captopril is transferred in the
mothers milk and that the offspring were also receiving the drug via this route. The pups
were observed beginning to drink from the water bottle at two weeks of age but it is
likely that by the end of the two weeks treatment they were consuming more water from
the bottle and less milk from the mother, than at the beginning of treatment. This would
lead to a progressive increase in the dose received during the treatment period, which

would parallel their increase in weight over the time studied. As maternal blood pressure
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is not raised by the low protein diet (Langley-Evans er a/, 1994) it is possible but unlikely
that the captopril treatment had any effect on the mother which changed her behaviour or
physiology, and therefore had an indirect effect on the blood pressure of the pups.

Pregnant female Wistar rats were fed either an 18% (control) or a 9% casein diet
throughout pregnancy. The offspring of the mothers fed a 9% protein diet weighed
significantly less at birth than the control offspring, as previously shown by Langley-
Evans et al (1996b). This supports human data which shows that maternal nutrition
affects fetal growth (Margetts ef a/, 1991, Godfrey er al, 1996). However, these results
differ from the previous studies described in this thesis where no significant difference in
birth weights had been observed between the groups. This may be accounted for by the
fact that the total number of pups studied in the current experiment was higher. Birth
weights are generally found to be low to normal in this model indicating the moderate
nature of the dietary restriction (Langley-Evans ef af, 1996b). By 4 weeks of age the
offspring of mothers fed a low protein diet weighed significantly more than the controls
suggesting that energy metabolism and/or dietary intake had been programmed in utero
to give an altered growth pattern and possibly body composition as shown previously
(Chapter 3, Chapter 5: Part 1, McCarthy ef al, 1994). Early captopril treatment appeared
to alter this pattern of growth. This resulted in the male offspring treated with captopril
weighing significantly less than the untreated animals (both the 18% and 9% protein
exposed groups.) The female captopril treated offspring did not differ from the 18%
protein untreated rats but were significantly lighter than the untreated low protein group.
This is supported by studies of early captopril treatment on spontaneously hypertensive
rats, where male rats treated with captopril had slower growth rates resulting in
significantly lower body weights than the controls (which were littermates of the treated
spontaneously hypertensive rats) at the end of treatment (Harrap et a/, 1990). No attempt
was made, in the above-mentioned paper, to discuss how captopril may affect growth.
One possibility is that captopril reduces angiotensin II levels, therefore reducing the
stimulation of ACTH (adrenocorticotropin hormone) production. ACTH is a hormone of

the pituitary, which promotes the growth of the adrenal cortex and stimulates it to
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produce steroid hormones. It is thought that angiotensin II may stimulate ACTH
secretion but it is not known whether this is a direct or indirect effect (Robertson &
Nicolls, 1993). A decrease in ACTH production would then lead to a reduced stimulation
of hormones (such as androgens) which promote growth (Tanner, 1989). An interference
with ACTH secretion would also impact upon corticosterone and CRF (corticotrophin
releasing factor) secretion which regulate food intake (Liebowitz er al, 1984, Krahn ef al,
1986, Heinrichs & Koob 1992, Heinrichs ef al, 1992).

A local renin-angiotensin system has been located in the adrenal cortex, and as yet its
exact actions are unknown (Robertson & Nicolls, 1993). This system has been shown to
be affected by treatment with an ACE inhibitor (Yamaguchi er al, 1990). It is therefore
possible that captopril treatment could influence the release of hormones from the adrenal
cortex, which may in turn influence growth but there are no clearly identified
mechanisms for this. Other possible explanations are that angiotensin II is needed for the
growth and development of certain organs, particularly the kidney, where it is required
for nephrogenesis (Ray er al, 1994), or that captopril treatment affects gut function
(Golke & Unger, 1994). Gut disturbances have been noted as side affects of captopril in
high doses. A decrease in food intake has also been associated with captopril treatment
(Golke & Unger, 1994). There is also evidence that angiotensin II is a mitogen in bone,
stimulating the synthesis of DNA in osteoblast-rich populations of cells (Hiruma ef af,

1997).

By 12 weeks of age there was no apparent difference in body weights between the groups
except for the low protein exposed captopril treated males, which were still significantly
smaller than all other groups. This indicates that the differences in blood pressures,
observed between the groups, are not merely a weight related phenomenon. The blood
pressures were increased in the low protein group, relative to the 18% protein control
group and were reduced to control levels with captopril treatment as expected, at 4 weeks
of age. By 12 weeks of age the low protein exposed rats still had an elevated systolic

blood pressure relative to the 18% protein exposed group but early captopril treatment
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had prevented the onset of hypertension long term in these animals as shown in
Spontaneously Hypertensive Rats (Harrap ef a/, 1990, Morton, 1992). Eight weeks after
cessation of treatment, blood pressures of 9% casein rats treated with captopril remained
significantly below those of untreated low protein exposed rats. This rat model of
maternal diet induced hypertension resembles the Spontaneously Hypertensive Rat
(SHR) in many aspects of its disturbances of the renin-angiotensin system, so it is helpful
to look to the SHR strain for possible explanations of what may be happening in this
nutritional model. One explanation for this long term effect of captopril after treatment,
1s that changes in vascular structure may be produced by increased arterial pressure or
angiotensin II concentrations at an early age, and treatment with an ACE inhibitor may
interrupt the further progression of the hypertension after treatment with the inhibitor is
stopped (Harrap ef @/, 1990). Thus a relatively transient drive to increase blood pressure,
mediated by the renin-angiotensin system or other vasoconstricting hormones, may
become fixed as lifelong hypertension through structural adaptation. Pharmacological
intervention during the early initiation phase may thus have a lifelong benefit. Studies of
the vasculature in low protein exposed animals are an important further step. Folkow
(1978) proposed that the structural vascular adaptation which maintained elevated blood
pressure was vascular smooth muscle hypertrophy. Studies by Berry (1978) suggest that
as blood pressures increase there is an increased stiffness of the arteries caused by an
increased recruitment of collagen. These aspects of vascular development are currently
being studied in this model. The low protein exposed rats exhibit increased aorta wall
thickness and decreased compliance compared with control rats (Langley-Evans &
Greenwald, personal communication). Martyn and Greenwald (1997) hypothesised that
an impairment of elastin synthesis during a critical period of blood vessel development
may underlie the association between intrauterine growth retardation and an increased

risk of developing higher blood pressure in later life.

Increased ACE activity in later life may not be responsible at all for elevated blood
pressure at this time. It could be argued that increased activity in early life may have a

role in the initiation of high blood pressure which may be causing a change in
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vasculature. In SHRs losartan, which is an angiotensin Il receptor antagonist, has the
same long term effects on blood pressure following a brief period of early treatment as
the ACE inhibitors (Morton, 1992). This suggests that it is angiotensin II action at an
early age, which affects long term blood pressure control. Morton also suggested a
possible association between factors affecting growth and hypertension in the SHRs,
which may also be relevant in this model. The low protein exposed rats tend to have an
increased growth rate compared to the control rats and this was prevented with captopril
treatment. It could be argued that the elevation of blood pressure in these animals is
directly related to the increased growth rate. However, the low protein exposed rats do

not consistently show an increase in growth rate yet still have elevated blood pressures.

Kidney size was smaller in the male offspring of the 9% protein fed mothers than the
controls. This is supportive of other animal studies (Langley-Evans et a/, 1996b, Zeman
1969) and of work in humans where fetal renal growth has been shown to be slower in
babies which were small for gestational age compared to those which were appropriate
for gestational age (Konje ef a/, 1996). Early captopril treatment in the low protein rats
appeared to increase kidney growth which was also shown in the spontaneously
hypertensive rats where early captopril treatment resulted in larger kidneys than the
controls (Harrap er al, 1990). Angiotensin II has been associated with renal tubular
necrosis (Gavras ef al, 1971, 1975, Kremer et al, 1981), which may explain the smaller
kidneys found in the low protein exposed rats and the fact that this reduced kidney size is
not found in the animals treated with captopril. Although, plasma angiotensin II
concentrations are apparently not elevated in the low protein exposed rats these animals
do show increased sensitivity to angiotensin II infusion (Gardner ef af, 1998). Although
captopril treatment in the low protein exposed rats prevented the onset of hypertension in
both the male and female animals, its effect on kidney size was only seen in the male rats.
This may lead to the suggestion that kidney changes do not account for the changes mn
blood pressure, and that other mechanisms must be involved. However, gross changes in
kidney size may not reflect structural changes. Langley-Evans ef af (1999) suggest that

post-natal nephrogenesis is blocked by exposure to a low protein diet in utero. Low
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protein exposed offspring were born with an apparently normal complement of nephrons,
but by 4 weeks of age they had a reduced number of nephrons compared with control

rats. It is possible that early captopril treatment may have prevented this phenomenon.

Lung weight did not differ between the 18% and 9% protein exposed groups. In both
males and females, captopril treatment in the 9% protein groups appeared to cause an
increase in lung weight in proportion to body weight. Coughing has been reported as a
side effect of captopril treatment in humans. The lungs were later dried out and the
excess weight appeared to be due to fluid. It is possible that the oedema was only
observed as a side-effect of captopril treatment in the low protein exposed rats, and not
the control animals, because they are more susceptible to chemically induced lung injury.
Previous studies have shown that the low protein exposed rats are more susceptible to

sulfur dioxide-induced lung injury than the control rats (Langley-Evans et al, 1997).

The pharmacological effects of captopril may not be specific and it is therefore possible
that its long term effects are not due to a decrease in angiotensin II concentrations in early
life. Captopril also leads to increased bradykinin and prostaglandin levels and the
production of nitrosthiols (Brunner ef a/, 1987, Swartz et al, 1980, chapter 4 part 1,
Henry et al, 1989). However, these effects are reported only during treatment with
captopril and the possible long term effects of the drug on these vasoactive agents are

uncertain.

The fact that the onset of hypertension is prevented by a two week period of treatment in
early life suggests that it is possible to programme aspects of hypertension during both
pre and postnatal periods. It is possible that the hypertension is initiated in wtero by
increased exposure to glucocorticoids (Langley-Evans, 1997) and that the development of
hypertension takes place in early postnatal life and leads to structural changes which
maintain the elevated blood pressure. Rats exposed to a maternal low protein diet exhibit
hypersensitivity to normal levels of circulating corticosterone in early life, via increased

glucocorticoid receptor numbers (Langley-Evans ef a/, 1996¢). Glucocorticoids increase
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smooth muscle cell densities of AT1 receptors, therefore amplifying the effects of

angiotensin II (Provencher ez @/, 1995) and also induce ACE production (Mendelsohn ez

al, 1982).

The results from the current chapter, and Chapter 3 suggest that the action of the renin-
angiotensin system is upregulated by fetal exposure to a low protein diet during a critical
period of postnatal development. This may then lead to alterations in the structural
development of the vasculature, which maintains the elevated blood pressure after
glucococorticoid sensitivity and the action of the renin-angiotensin system have
normalised. Early captopril treatment may have prevented the actions of the renin-
angiotensin system during a critical period, and therefore prevented the structural

vascular changes and the development of hypertension occurring long-term.

In conclusion hypertension is programmed in ufero in this model and the onset can be
prevented by early postnatal captopril treatment. It is proposed that the actions of the
renin-angiotensin system may have a role in the development and maintenance of high
blood pressure in these rats. Due to the lack of specificity of the drug a definitive role for
the renin-angiotensin system cannot be stated and it is necessary to study the effects of

other anti-hypertensive drugs on this model of maternal diet-induced hypertension.
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Chapter 6
Long-Term Effects of Losartan or Nifedipine Treatment on the Blood Pressures of

Rats Exposed to Maternal Low Protein Diets.

6.1 Introduction
As discussed in the previous chapter, the elevation of systolic blood pressure observed in

rats exposed to a maternal low protein diet /n ufero may be prevented by early treatment
with captopril. Offspring of rats exposed to a 9% casein diet during pregnancy had
systolic blood pressures significantly higher than control animals at 12 weeks of age.
Those that received early captopril treatment (between 2 and 4 weeks of age) maintained

their blood pressures at levels observed in 18% casein exposed controls.

The findings of the previous chapter may be taken to suggest a possible role for the renin-
angiotensin system in the programmed development of high blood pressure, in this rat
model. However, the actions of captopril are not specific to the renin-angiotensin system,
and alternative mechanisms of action cannot be excluded (Brunner ef a/, 1987, Sunman ez
al, 1993). Tt is therefore of importance to study the effect of a more specific drug.
Losartan is an angiotensin I receptor (AT;) antagonist and its actions are thus more
specifically targeted against angiotensin I (Burnier ef o/, 1991). It is also of interest to
study the effect of an anti-hypertensive drug, which does not act directly by modifying
the balance of the renin-angiotensin system. This will exclude the possibility that the
lowering of blood pressure in early life, by any means, may prevent the onset of
programmed hypertension in adulthood. Nifedipine is a calcium antagonist, which
causes vasodilation but does not block the actions of the renin-angiotensin system

(Krakoff 1994).
The aim of this study was to determine whether early treatment with the drugs losartan or

nifedipine has the same long-term effects as captopril, in preventing the onset of

hypertension in prenatally undernourished rats. Following the same protocol as the
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previous chapter, losartan or nifedipine were given in the drinking water between 2 and 4

weeks of age and the long-term effects on body weight and blood pressure assessed.

6.2 Methods

The methods of animal production and dietary administration were as described in
chapter 2 (sections 2.1-2.3). Losartan or nifedipine were administered in the drinking
water at 100mg/1 to litters (n = 2 litters per group) for a two-week period from two weeks
of age. Individual doses were estimated from expected fluid intake, calculated from
measured fluid intakes from chapter 5. Methods of blood pressure measurement, culling
and blood and tissue collection were as described previously in chapter 2 (sections 2.4
and 2.7). Data was analysed using ANOVA and t-tests as appropriate and expressed as

mean = SEM. Analyses compared individual offspring rather that litters.

6.3 Results

Six virgin female Wistar rats were mated and given free access to a low protein (9%
casein) diet throughout pregnancy. A further six were fed a control diet (18% casein)
throughout gestation. One of the rats fed a low protein diet was found not to be pregnant
and was therefore excluded from the study. 114 offspring (11 litters) were born (57 in
each dietary group). There was no significant difference in litter size between the 9%
casein group (11.4 + 1.0 offspring) and the controls (9.5 + 1.5 offspring). All litters were
reduced to a maximum of eight shortly after birth, leaving 81 offspring (40 offspring of
low protein fed mothers). Excess offspring from each litter were culled by decapitation.
Birthweights did not differ significantly between the two dietary groups (5.4 +0.1 g, 5.5

+ 0.1 g, for the control and low protein exposed groups respectively).

6.3.1. The effects of losartan and nifedipine treatment on body weight.

At 2 weeks of age, two litters from both maternal dietary groups were treated with
losartan in their drinking water at 100mg/L. Two further litters from each dietary group
were treated with nifedipine in their drinking water, also at 100mg/L. Treatment

continued for two weeks. Two litters were non-treated 18% casein exposed control
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animals, and the remaining litter was a low protein exposed control group. By 4 weeks of
age the low protein exposed animals which had not received drug treatment, weighed
significantly more than the control animals (Table 6.1, p<0.005). However the low
protein exposed rats that had received early nifedipine treatment did not differ in weight
from the control rats and weighed significantly less than the low protein exposed animals
which had received no drug treatment. The low protein exposed rats that had received
early losartan treatment, weighed significantly less than both the 9%casein and the 18%
casein exposed, untreated groups (Table 6.1). Drug treatment did not affect the body

weights of the rats exposed to a maternal 18% casein (control) diet.

By 12 weeks of age, the rats exposed to a maternal 18% protein (control) diet and treated
with nifedipine weighed significantly more than all other groups. This was true for both
the males and females (p=0.05, p=0.001, Table 6.1). Weights did not differ between any
of the other groups at 12 weeks of age (Table 6.1).

6.3.2. The effects of early losartan or nifedipine treatment on blood pressure.

Systolic blood pressures were measured at 4 and 12 weeks of age using the tail cuff
method. At 4 weeks of age, the untreated low protein exposed rats had significantly
elevated blood pressures (23mmHg) in comparison to the control rats (p<0.001, Table
6.2). ANOVAs indicated no sex differences in systolic blood pressure, so both sexes
were combined in Table 6.2. Nifedipine treatment had no effect upon the blood pressures
of either the low protein exposed group or the control group (Table 6.2). The low protein
exposed rats that had received losartan treatment, had similar systolic blood pressures to
18% protein control animals, and, therefore, had significantly lower (29mmHg) blood
pressures than the untreated low protein exposed rats (p<0.001, Table 6.2). Losartan
treatment had no effect upon the blood pressures of rats exposed to a maternal 18%

casein (control) diet (Table 6.2).

By 12 weeks of age the systolic blood pressures of all groups had risen significantly,

relative to 4 weeks but the pattern between the groups remained the same (p<0.001,
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Figure 6.1). The rats exposed to a 9% casein diet in ufero, continued to have
significantly elevated (35mmHg) systolic blood pressures relative to the 18% casein
control group (p<0.001, Table 6.2). Early losartan treatment had no significant effects
upon the blood pressures of animals exposed to the maternal control diet, whilst early
nifedipine treatment was associated with raised blood pressure in the 18% protein
animals (9mmHg). Early nifedipine treatment had no long term effects on the systolic
blood pressures of the low protein exposed rats, whilst early losartan treatment had
prevented the onset of hypertension in these animals, which had systolic blood pressures

36mmHg below untreated low protein exposed rats (p<0.001, Table 6.2, Figure 6.1).
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Table 6.1. The effects of losartan or nifedipine treatment on the body weights of rats
exposed to a maternal low protein or control diet.

Weight at 4 | Weight of males at | Weight of females
Treatment weeks (g) (n) | 12 weeks(g) (n) | at 12 weeks (g) (n)
18% casein (control) diet | 57+ 1% (16) | 300 + &' (5) | 184+ 2" (11)
9% casein diet 62+1"  (8)] 320,292 (2) | 184+4 (6)
18% casein & nifedipine | 55 +2% (11) | 330+ 15" (4) | 197 3™ (7)
9% casein & nifedipine | 57+ 1% (16) | 300 + 57 (9) | 182+9" (7)
18% casein & losartan | 58 + 1 (14) | 300 + 7° 9) |177+6" (5)
9% casein & losartan 50 +1¥% (16) | 291 +4° (8) | 181 3" (8)

Six virgin female Wistar rats were mated and given free access to a low protein (9%
casein) diet throughout pregnancy. A further six were fed a control diet (18% casein)
throughout gestation. One of the rats fed a low protein diet was found not to be pregnant
and was therefore excluded from the study. At 2 weeks of age 2 litters from both dietary
groups were treated with losartan in their drinking water at 100mg/l. Two further litters
from each dietary group were treated with nifedipine in their drinking water, also at
100mg/L. Treatment continued for two weeks. Body weights at 4 and 12 weeks of age
were expressed as mean = SEM. Data was analysed using 3-way-ANOVA and t-tests.
*p<0.05 where p denotes the statistical difference of the mean body weight in each group
from the 18% casein control group. *»<0.05 where p indicates the difference from the 9%
casein group. §p<0.05 where p shows a significant effect of losartan/nifedipine treatment
relative to untreated rats of same dietary group. 'p<0.001 where p denotes the difference

in weight at 12 weeks compared to weight at 4 weeks. Litter n = 2 for each group.
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Table 6.2. The effect of early losartan or nifedipine treatment on the blood
pressures rats exposed to a maternal low protein or control diet.

Systolic blood pressure at

Systolic blood pressure at

Treatment 4 weeks of age (mmHg) 12 weeks of age (mmHg)
18% casein (control) diet | 104 + 17 115+ 2™

9% casein diet 127+1 150 3%

18% casein & nifedipine | 102 + 17 124 + 17

9% casein & nifedipine | 128 +2° 149 £ 3™

18% casein & losartan 105+ 27 120 + 2%

9% casein & losartan 98+ 11" 114+ 17

For experimental detail see Table 6.1. Systolic blood pressures at 4 weeks of age were

expressed as mean + SEM. Data was analysed using 3-way-ANOVA and t-tests.

"p<0.001 where p denotes the statistical difference of the mean blood pressure in each

group from the 18% casein control group. 'p<0.001 where p denotes the difference from

the 9% casein group. $p<0.001 where p shows a significant effect of drug treatment

relative to untreated rats of the same dietary group. *p<0.001 where p denotes the

difference in blood pressure at 12 weeks compared to blood pressure at 4 weeks.
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Figure 6.1. The effect of early nifedipine or losartan treatment on the systolic blood
pressures of rats exposed to a maternal low protein diet.

For experimental detail see Table 6.1. Systolic blood pressures were measured at 4 and
12 weeks of age. Systolic blood pressures in all groups increased with age (p<0.001).
Data was analysed using ANOVA and t-tests.

Key: 18% = 18% casein exposed group, 9% = 9% casein exposed group, 18%N =18%
casein & nifedipine treatment, 9%N = 9% casein & nifedipine treatment, 18%L = 18%

casein & losartan treatment, 9%L = 9% casein & losartan treatment.
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6.4. Discussion
Early captopril treatment has been shown to prevent or delay the onset of hypertension in

rats exposed to a maternal low protein diet (Chapter 4). This suggests a possible role for
angiotensin II in the development of the elevated blood pressure observed in this model.
However, captopril action is not specific to ACE inhibition and it was therefore necessary
to carry out further studies with alternative anti-hypertensive drugs before a definitive
and specific role for angiotensin II action could be confirmed. The aim of the current
study was to determine the effects of early treatment with losartan (an angiotensin IL
receptor antagonist), or nifedipine (calcium receptor antagonist) on the long term blood

pressures of rats exposed to a maternal low protein diet in utero.

The offspring of rats fed either an 18% casein (control) diet or a 9% casein diet were
treated with either losartan or nifedipine in their drinking water between 2 and 4 weeks of
age, as this is the earliest period in which the young rats drink from the water bottle and
the period during which captopril was given in the previous study (chapter 5). Untreated
controls, from both dietary groups, were also studied throughout the same period. Body

weights and systolic blood pressures were determined at 4 and 12 weeks of age.

Litter size did not differ between the two dietary groups showing that the ability of the
mothers to carry a full litter was not compromised by the feeding of a moderately low
protein diet, a finding consistent with Langley-Evans ef a/ (1996b). Birth weights did not
differ significantly in the low protein exposed groups compared to controls. As
previously discussed, birth weights are generally found to be low to normal in this model.
Low protein exposed rats have a tendency to exhibit increased body weights compared to
control rats at 4 weeks of age. This has also been shown in previous chapters (Chapters
3,4 & 5). Low protein exposed rats treated with losartan, however, weigh less than all
other groups at 4 weeks of age. This phenomenon is also observed with early captopril
treatment in this model, as well as in the SHR (Harrap ef a/, 1990). This suggests that
angiotensin II may promote growth in these animals and as a consequence inhibition of

angiotensin II action is growth retarding. Angiotensin II is thought to be a mitogen in
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bone (Hiruma et af, 1997) and is also considered to be necessary for the growth and
development of certain organs, for example the kidney (as discussed in Chapter 5). It is
possible that decreased growth may lead to a reduced requirement for blood flow and
therefore a lower blood pressure. Alternatively the level of blood flow may determine

the ability of the animal to grow.

Early nifedipine treatment resulted in an increase in body weight in the control rats by 12
weeks of age. It is possible that the slight elevation in blood pressure observed in the
18% protein nifedipine treated rats may be due to the weight increase, however this
wasn’t consistent at each time point observed. Lower blood pressures in the losartan
treated rats did not correlate with lower body weights observed in the male rats at 12
weeks of age, suggesting that this is not purely a weight related phenomenon. Although
the low protein exposed rats generally appear to have increased body weights this is also

not consistently related to body weight.

Early losartan treatment prevented the onset of hypertension in the rats exposed to a
maternal low protein diet, as captopril did in the previous study (Chapter 5). This has
also been observed in spontaneously hypertensive rats (Morton ef al, 1992). Losartan
had no effect upon the blood pressures of the control animals, as with captopril treatment
(Chapter 5). Early nifedipine treatment was associated with a slightly elevated blood
pressure in the rats exposed to a control diet, 8 weeks after treatment had ceased, but had
no effect upon the systolic blood pressures of the low protein exposed group both during
and after treatment. This provides further evidence that angiotensin II action at an early
age has a long-term effect on blood pressure control, and specifically that AT, mediated
events control the postnatal development of elevated blood pressure. It is possible that
the action of angiotensin II in the 2-4 week period is a critical pre-requisite for the
hypertension programmed in utero, and that programming is both pre and postnatal. The
development of hypertension in this model can also be prevented by the pharmacological
blockade of glucocorticoid synthesis (Langley-Evans, 1997). 1t is a possibility that

hypertension in the low protein exposed rats has merely been delayed rather than
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prevented indefinitely by these early interventions. Studies of the long term effects of
early treatment with losartan or ACE inhibitors in SHRs, have shown that blood pressure
starts to rise gradually after a long period without treatment, but that it doesn’t return to

the levels of non-treated SHRs (Morton ef af, 1992, Adams et al, 1990).

A role for glucocorticoids in the programming of blood pressure, in this rat model, has
been proposed as discussed in previous chapters (Chapters 3 & 5, Langley-Evans, 1997).
Indeed the development of elevated blood pressure in low protein exposed rats depends
upon an active maternal adrenal during pregnancy and also on intact adrenals in postnatal
life (Gardner er al, 1997). The current results are supportive of this proposal, as
glucocorticoids amplify the effects of angiotensin II by increasing smooth muscle cell
densities of AT, receptors (Sato ef al, 1984). Indeed preliminary data suggests that the
low protein exposed rats are more sensitive to infused angiotensin II than control animals
(Gardner ef al, 1998). Glucocorticoids may also promote increased angiotensin II

production as they induce synthesis of angiotensinogen and ACE activity (Mendelsohn et

al, 1982).

Angiotensin II is believed to modulate the development of the vasculature in early life.
Martyn and Greenwald (1997) hypothesise that the association between birth weight and
blood pressure in later life may relate to the ability to synthesise elastin during a critical
period of blood vessel development. Folkow (1978) suggested that an increase in blood
pressure causes hypertrophy of vascular smooth muscle, leading to the long term
maintenance of high blood pressure. Preliminary data suggests that the vasculature of
low protein exposed rats differs in structure to controls, with increased smooth muscle
cell size and number and reduced compliance (Langley-Evans, Martyn and Greenwald,
unpublished data). Lever & Harrap (1992) proposed that changes in vascular structure
may be initiated in early development by angiotensin II, growth hormone, cortisol or
insulin like growth factors (IGF1 & IGF2). It can thus be argued that early losartan
treatment prevents the development of long term hypertension by inhibiting angiotensin

IT activity, and therefore preventing structural vascular adaptation. This suggests that
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programmed hyper-sensitivity to angiotensin II during a critical period in early life may
determine the development of the vasculature and could lead to the long term
maintenance of an elevated blood pressure. The renin-angiotensin system thus
programmes blood pressure postnatally after a nutritionally initiated pre-natal exposure or
increase in sensitivity to glucocorticoids. It would be difficult to assess whether
angiotensin 11 has a pre-natal effect as ACE inhibitors have severe side effects during
pregnancy and there is no evidence that angiotensin II receptor antagonists cross the

placenta (Stevenson et o/, 1995).

Angiotensin II action during the postnatal period may exert its effect on both the
circulation and the kidney. Direct effects on the circulation may be achieved through an
increased number of receptors or increased binding affinity in the vascular smooth
muscle cells. Effects on the kidney may also be mediated through an increased number
of receptors or binding affinity. Preliminary results suggest that rats exposed to a
maternal low protein diet have an increased expression of AT, receptors in the kidney
compared with control animals (Trowern, personal communication). Angiotensin II may
also affect the blood pressure by influencing the development of the kidney. Angiotensin
1T has been associated with renal tubular necrosis (Gavras ef o/, 1971, 1975, Kramer ef al,
1981) and may also be involved in nephrogenesis and determining the number of
nephrons in the kidney. Low protein exposed rats have a decreased number of nephrons
compared with control rats and exhibit impaired renal function (Langley-Evans ef al,
1999a, 1999b). Angiotensin II is also associated with progressive glomerular damage
(Yamoto ef al, 1990). Ketteler ef af (1995) hypothesise that angiotensin II induces TGFB
expression which may exert effects on extracellular matrix accumulation, cell

proliferation and hypertrophy (Gibbons et al, 1990).

Although results from the present study strongly suggest a role for angiotensin 1I in the
development of hypertension in this model, evidence from earlier studies shows that
circulating angiotensin II levels do not differ in the low protein exposed rats compared to

the controls. However, it is possible that local renin-angiotensin systems, for example in
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the vascular smooth muscle, may differ between the two dietary groups or that
angiotensin I receptors may be up-regulated in the low protein exposed rats. Further
research is continuing in this area considering angiotensin II receptor expression and

binding in both the smooth muscle cells and in the kidneys.

In conclusion this study provides further evidence for a role for angiotensin II in the
development of hypertension in this model. Further research is necessary to define the

mechanism involved in more detail.
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Chapter 7

General discussion
A growing body of evidence indicates that hypertension and cardiovascular disease may

be partially determined by the environment in which the developing embryo and fetus
finds itself, including maternal nutrition. Epidemiological data suggest that intrauterine
growth retardation is related to an increased risk of hypertension in later life (Barker ef al,
1993). Robinson ef al, (1994) suggest that maternal nutrition is a primary determinant of
fetal growth. The hypothesis proposed by Barker (1994) is that the nutritional profile of
the mother permanently programmes the metabolic and physiological functions of the
fetus. More recent studies have suggested a possible relationship between maternal diet
during pregnancy, placental and fetal growth (Godftrey ef al, 1996) and blood pressure in
the offspring (Campbell er al, 1996). A high carbohydrate intake in early pregnancy and
a low protein intake in late pregnancy were associated with lower birth weight and
placental weight (Godfrey et a/, 1996). Similarly a high carbohydrate and low protein
diet in late pregnancy was associated with an increased risk of high blood pressure in

adult life (Campbell er al, 1996).

The findings from human studies are supported by work in animal models (Langley-
Evans et al, 1996g). Rats fed a low protein diet during pregnancy, where the energy
content of the diet is balanced with increased carbohydrate, gain less weight in the final
week of pregnancy, possibly relating to impaired fetal growth at this time (Chapter 3).
Disproportionate growth patterns have been observed in these fetuses during mid to late
gestation (Langley-Evans er a/, 1996b). Birth weights are low to normal in the low
protein (9% casein) exposed offspring in comparison with the controls (Chapter 3,
Langley-Evans ef al, 1996b). The postnatal growth pattern of the low protein exposed
animals is altered, in as much as they have a tendency to start life smaller and gain more
weight than the control rats (Chapter 3, Langley-Evans er a/, 1996g, Anguitta et al,
1992). When allowed to select their own macronutrient diet, the offspring of rats fed a

9% casein diet during pregnancy tend to consume more fat and gain more weight than
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control rats (McCarthy et a/, 1994). When analysing regional adipose tissue weights
these same animals are found to have significantly higher intraabdominal fat masses
compared with control rats (McCarthy ef al, 1994). Systolic blood pressure is elevated in
the maternal low protein exposed rats (Chapter 3, Langley & Jackson, 1994) and this is
observed from an early age and is apparently life-long (Langley-Evans & Jackson, 1995).
This model is currently being used to investigate the possible mechanisms underlying the

programming of hypertension in utero.

Preliminary evidence for a possible role for the renin-angiotensin system in the
maintenance of the hypertensive state in this animal model, came from studies by
Langley & Jackson (1994) and Langley-Evans & Jackson (1995). These studies showed
that the rats exposed to a maternal low protein diet in wrero had elevated ACE
(angiotensin converting enzyme) activity in comparison with controls, and that the blood
pressures of these animals could be returned to control levels by treatment with captopril,
which is an ACE inhibitor. This effect was apparently reversible as blood pressure
returned to previous elevated levels after treatment was removed (Langley-Evans &

Jackson, 1995).

The aim of this thesis was to further explore the role of the renin-angiotensin system in
this rat model of maternal-diet-induced hypertension. The results lend support to the
theory that maternal diet programmes the metabolic competence of the offspring. The
level of protein restriction used in the prenatal diet in this rat model is moderate. A 9%
protein diet is considered adequate for a non-pregnant adult rat, while a 12% protein diet
is considered to be the requirement for pregnancy (Clarke ef a/, 1978). The birth weights
of the low protein exposed rats in the present studies were shown to be low to normal as
has been previously shown in this model (Langley-Evans ef a/, 1996). In the human
population it is disproportionate growth of the fetus that is related to the risk of
hypertension as opposed to birth weight per se (Barker et al, 1993) and previous studies
provide evidence for such disproportionate fetal growth in the animal model (Langley-

Evans ef al, 1996b). Postnatally there is an indication of some ‘catch-up’ in growth as, at
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weaning, body weights of the low protein exposed rats were greater than those of the
control group as has been previously shown (Langley-Evans er al, 1996g, McCarthy ez
al, 1994, Anguitta er af, 1993). In the human population hypertension is closely
associated with obesity (JNCR, 1993). Hypertension and cardiovascular disease are also
associated with non-insulin dependent diabetes melitus (NIDDM) in the human
population (Pi-Sunyer, 1991). Rats exposed to a maternal low protein diet exhibit
abnormal insulin responses that indicate possible insulin resistance, which is a risk factor
for NIDDM (Pickard ef al, personal communication). Similar rat models have been used
to study the effects of exposure to a low protein diet in utero on pancreatic growth and
function in the offspring (Snoek er al, 1990, Dahri ef al, 1991, Desai et al, 1994).
Pancreas weight was found to be lower in rats exposed to a maternal low protein diet
(Desai e al, 1994). Snoek et al (1990) reported a reduction in 3-cell proliferation and
islet size, as well as a reduction in islet vascularisation and pancreatic insulin content in
rats exposed to a maternal low protein diet in utero. A subsequent study also showed
impaired glucose tolerance and a lower insulin response to glucose in the same rat model
(Dahri e al, 1991). These rat models differ from the model described in this thesis.
Although the diets given during pregnancy contain similar amounts of protein, the fat and
carbohydrate contents differ between the diets. These differences in dietary exposure
affect the outcome of disease in these models, indeed, elevated blood pressure is not
consistently observed in the model used by Desai ef al, as it is in the model described in

the current studies (Langley-Evans, 1998).

The systolic blood pressures of the rats exposed to a maternal low protein diet were
consistently elevated compared to the controls and this was evident from 4 weeks of age
(Chapters 3, 4, 5 & 6). This was associated with elevated pulmonary ACE activity from
4 weeks of age (Chapter 3: part 2). Signs of an increase in ACE activity were observed
from the fetal stage with no apparent alterations in maternal pulmonary ACE activity.
Plasma renin activity, angiotensinogen concentrations and angiotensin II levels were
found to be unchanged in the low protein exposed rats in comparison with the controls

and urinary prostaglandin concentrations were significantly elevated (Chapter 3: part 2).
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These results appear surprising in association with an increase in blood pressure, however
they do show that there are disturbances in the renin-angiotensin and prostaglandin
systems in this model. Elevated urinary prostaglandin excretion may be explained by the
decreased renal PGDH activity observed in the low protein rats, although how, or if, this
interacts with the renin-angiotensin system is unknown at this time. In humans, renin
concentrations have been shown to be lower in adults who were of low birth weight in
comparison to those of high birth weight (Martyn et al, 1996). Urinary prostaglandin
levels were negatively correlated with both head circumference and ponderal index in 10-
year-old children (Chapter 4: part 2). These results again show similarities between the
pathophysiological process in the human population and the rat model used to study the

underlying mechanism.

Captopril treatment was shown to lower both the blood pressure and the pulmonary ACE
activity in the low protein exposed rats at 12 weeks of age, but had no effect on the
control animals. A previous study by Langley-Evans & Jackson (1995) has suggested
that this process is reversible and that after the removal of captopril treatment the blood
pressures of the adult animals return to the elevated levels. A brief period of early
treatment with captopril prevented the development of the hypertensive-state in these
rats, in a manner analogous to observations in spontaneously hypertensive rats (Harrap er
al, 1990). As previously discussed in Chapter 5, captopril treatment is not specific and
also affects the prostaglandins and the kinins. Captopril is also an antioxidant and can
modulate local effects of nitric oxide on blood pressure (Benzies & Tomlinson, 1998).
However, prostaglandins and kinins interact with the renin-angiotensin system in the
control of blood pressure, and the main mechanism of action of captopril is still
considered to be through reducing ACE activity. The present rat model of hypertension
resembles the spontaneously hypertensive rat (SHR) in its patterns of disturbance of the
renin-angiotensin system, so it is helpful to look at the SHR model for possible
explanations of the programming mechanism. The long-term effect of captopril after
early treatment may be explained in terms of prevention of structural vascular changes,

normally produced by increased arterial pressure or angiotensin II concentrations at an
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early age. Preliminary data suggests that the vasculature of the low protein exposed rats
differs in structure to that of the control rats. Increased smooth muscle cell size and
number and also reduced elasticity or compliance have been observed in this model and
are being explored in greater detail by others (Langley-Evans e a/, unpublished data).
Intervention with an ACE inhibitor may interrupt the progression of the hypertension, an
effect which outlasts the period of intervention and persists after treatment with the
inhibitor is stopped (Harrap er al, 1990). The lack of specificity of the drug captopril
means that a role for angiotensin II in the development of the hypertensive-state was not

definitively demonstrated by this study and further studies with other anti-hypertensive

drugs were required.

In SHRs, a brief period of treatment in early life with losartan, which is an angiotensin II
antagonist, has the same long term effects on blood pressure as the ACE inhibitors do
(Morton, 1992). This supports the hypothesis that it is angiotensin II action, and not
other captopril-target systems, which modify long term blood pressure control at an early
age. Studies of early treatment with losartan and nifedipine in the low protein exposed
rats confirmed that an angiotensin II antagonist also prevented the onset of hypertension
in this model, whilst alternative anti-hypertensive drugs had no effect. These results
strongly suggest a specific role for angiotensin II in the development of hypertension

programmed by fetal nutrition.

Angiotensin II concentrations, however, were not found to be elevated in the low protein
exposed animals. Recent studies by Gardner er a/ (1998) have shown that these animals
have increased sensitivity to angiotensin II. Intravenous injections of angiotensin II (1 -
40ng) were given to both the 9% protein exposed rats and the 18% protein controls. At
low doses of angiotensin II there was a greater pressor response in the low protein
exposed rats than the controls (Gardner et o/, 1998). Preliminary results suggest that this
is due to an increased expression of AT, receptors, as has been shown in the kidneys of
low protein exposed rats compared with control animals (Trowern, personal

communication). Angiotensinogen levels were shown not to be limiting in this model, so
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this does not explain the increased ACE activity with no apparent increase in angiotensin
II concentrations. It could be argued that the increased ACE activity is merely a
consequence of excess glucocorticoids in early life and has little effect on blood pressure
in this model (Mendlesohn er al, 1982). It is likely that the glucocorticoids are also
affecting local renin-angiotensin systems and angiotensin II receptor expression (Sato et
al, 1994) and it is suggested that these may be of importance to the mechanisms by which
blood pressure is elevated at an early stage. It is argued that increased blood pressure is
initiated by glucocorticoid action which leads to the amplification of hypertension by the
renin-angiotensin system, causing structural vascular changes which maintain the

elevated blood pressure in later life.

The glucocorticoids have various influences on the renin-angiotensin system and have
been well characterised as having a programming effect upon the developing fetus in this
model. Fetal protection from maternal glucocorticoids is normally effected by placental
11B-hydroxysteroid dehydrogenase, which converts physiological glucocorticoids to
inactive products (Benediktsson er al, 1993). A low protein diet in the mother is
associated with decreased placental activity of 118HSD, which leads to increased
exposure of the fetus to glucocorticoids (Langley-Evans, 1997). The late gestational
growth retardation observed in these rats may be partially due to over-exposure to
glucocorticoids (Langley-Evans, 1997). Preliminary studies suggest that glucocorticoid
receptors are upregulated in the lung of neonates exposed to a maternal low protein diet,
which would tend to exacerbate the effects of high local hormone concentrations
(Bertram, Personal communication). Other hormones may influence intrauterine growth
retardation, for example insulin-like-growth-factors are thought to exert control over the
availability of substrate across the placenta (Harding er @/, 1994, Lui ef al, 1994) and
have been shown to be positively associated with fetal weight (Owens er al, 1994,
Harding et a/, 1994). Androgens have been shown to programme the expression of
hepatic androgen metabolising enzymes (Gustafsson & Stenburg, 1974). It is suggested
that the excess glucocorticoids in the fetus lead to a resetting of the HPA-axis. High

glucocorticoid levels from the adrenal gland have a negative feedback affect on the
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pituitary and the hypothalamus (Dallman ef a/, 1993). In early adult life the low protein
exposed rats have normal circulating concentrations of corticosterone but a blunted
diurnal secretion pattern of ACTH, and they are more sensitive to corticosterone
(Langley-Evans er al, 1996c). Glucocorticoids also influence the expression of

angiotensin Il receptors (Sato et al, 1994), the synthesis of angiotensinogen and ACE

activity (Mendelsohn er al, 1982).

As well as being influenced by glucocorticoids and the resetting of the HPA-axis, it is
possible that the renin-angiotensin system could be programmed by abnormal placental
development, leading to impaired placental perfusion and a decrease in the oxygen
available to fetal tissue. Placental PGDH activity was elevated in the low protein
exposed rats, which may lead to a decrease in local PGE, concentrations and therefore a
decrease in placental tissue perfusion. Tissue ACE activity is dependent upon oxygen,
and a reduction in oxygen perfusion of the placenta is associated with a marked decrease
in ACE activity (Lumbers, 1995). This could have adverse affects on the functioning of
the fetoplacental renin-angiotensin system. The fetal renin-angiotensin system is
involved in the control of fetal renal function and the regulation of the fetal arterial
pressure (Lumbers, 1995), so it is possible that disturbances at this time could lead to
long term dysfunction of the renin-angiotensin system. It is unlikely, however, that this
possible decrease in oxygen would contribute greatly to the programming of hypertension
as severe restrictions of placental blood flow, by uterine artery ligation in guinea pigs,
have shown only small increases in blood pressure in later life (Persson & Jansson,
1992). Housing rat dams in hypoxic conditions (11% oxygen) during pregnancy, had no
effect upon the later blood pressure of the offspring (Langley-Evans, 1998). Specific
amino acid deficiencies caused by the restricted protein intake may also effect placental
and fetal development. For example, in theory, arginine deficiency could lead to a
decrease in the production of nitric oxide, which may affect blood flow to the placenta,
and therefore the delivery of oxygen and nutrients to the fetus. However, studies by
Rees et al (1999) did not show a decrease in maternal serum or fetal free amino acid pool

arginine concentrations in rats fed a maternal low protein diet. Threonine concentrations
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were reduced in maternal serum and the fetal free amino acid pool in the same study
(Rees et al, 1999). This may be due either to an increased drive to produce glycine, or an
increased requirement to metabolise methionine, which makes up a higher proportion of
the amino acid supply in the low protein diet (Rees ef af, 1999). Rees et al (1999)
suggest that an excess of methionine in the diet may influence the early overgrowth of the
fetuses exposed to a maternal low protein diet, as it is metabolised to homocysteine,

which leads to increased growth when added to embryo cultures irn vitro (VanAerts et al,

1994).

Late gestation growth retardation is likely to have a severe effect on the development of
the kidney, as it is in a period of rapid growth and its development takes place largely in
late pregnancy. Slowed kidney growth and reduced nephron number have been shown in
rats and humans, in association with intrauterine growth retardation (Hinchliffe er af,
1992, Langley-Evans 1999, Langley-Evans er al, 1999, Chapter 4, Zeman 1969). Over-
exposure of the fetus to glucocorticoids in late gestation may also affect the development
of the kidney. Administration of dexamethasone during pregnancy impairs nephron
formation in rats and elevates fetal glomerular filtration rate and sodium reabsorpsion in
sheep (Celsi er al, 1997), suggesting that the kidney is sensitive to glucocorticoid action
during development. Impaired kidney development is likely to lead to renal dysfunction,
such as decreased renal blood flow, increased filtration fractions (Langley-Evans et al,
1999), and impaired glomerular filtration (Hall & Zeman, 1968) as well as causing
disturbances of the renin-angiotensin system. All of these factors may contribute towards
the control of blood pressure. Tt is likely that the renin-angiotensin system interacts with
the prostaglandins and the kinins within the kidneys to raise the blood pressure. Studies
with early captopril or losartan treatment support the hypothesis that the renin-
angiotensin system could also modify local vascular structure (Harrap et al, 1990) and

indirectly affect growth (Robertson & Nicolls, 1993).

The results from this thesis have further characterised the rat model of maternal diet

induced hypertension, showing the similarities between it and the human
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pathophysiological process and demonstrating it to be an appropriate model in which to
study the fetal origins of hypertension. The results have also shown that there is growing
evidence for the involvement of the renin-angiotensin system in the development of the
high blood pressure in this model. In summary, it is proposed that an over exposure of
the fetus to glucocorticoids programmes the HPA-axis and glucocorticoid sensitivity is
increased (Langley-Evans er al, 1996¢, 1996f). This then enhances the actions of
angiotensin 11 and this is the primary driver for the elevated blood pressure (overview
shown in figure 7.1). The elevated blood pressure may then be amplified and maintained
by structural vascular changes caused by increased sensitivity to angiotensin IL
Treatment with an ACE inhibitor or angiotensin 1l receptor antagonist in early life
prevents the onset of elevated blood pressure long term showing that this is a preventable
process. This may have implications for public health in the future. Further research
may help determine whether interventions in humans are a possibility and whether they

are justified and safe.

Future work should further investigate the hypothesis that angiotensin II has a specific
role in the development of elevated blood pressure in this model. Tt is not clear from the
present results how angiotensin I acts to elevate blood pressure in the low protein
exposed rats, as increased circulating concentrations have not been shown in these
animals. Elevated angiotensin IT at certain critical periods of development cannot be
ruled out at present. It is, therefore, suggested that making a series of circulating
angiotensin Il measurements, particularly during the period of 0-4 weeks of age may be

useful in this model.

Angiotensin II sensitivity should also be assessed in the low protein exposed rats. Both
the ATy and AT, receptors could be characterised particularly in the kidney and vascular

smooth muscle by performing investigations of expression and binding affinity.

Angiotensin Il effects on the vasculature during the period of 0-4 weeks of age may be

determined by comparing the vascular structure in the low protein exposed rats with that
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of losartan treated low protein exposed rats. For example vascular smooth muscle cell
size and density, and elasticity and compliance may be studied. Collagen and elastin

content of the blood vessels could also be measured.

The effect of angiotensin II on renal development during this period may also be
investigated using rats treated with losartan. Nephron number and renal function could

be studied in these rats compared with untreated low protein exposed rats.

In order to assess whether angiotensin II has a role in the development of elevated blood
pressure in humans, it may be worth measuring circulating angiotensin II concentrations
in a group of pre-pubertal children, whose birth characteristics are known. If the
hypothesis that angiotensin II is indeed involved in the human pathophysiological process
it could be possible to establish a critical period in humans when intervention may be

achievable.
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Figure 7.1 Possible mechanisms involved in the programming of hypertension in the

low protein rat model.
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Appendices

Appendix 1
Composition of CRMX laboratory chow diet

Nutrient Compesition %
Protein 18.8
Total starch 44.8
Total fibre 12.3
Sucrose 4.7
Choline 0.95
Mineral mix 3.63
Vitamin mix 2.84
Trace elements 8.6
Corn oil 34
Supplied by SDS.
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Appendix 2

Composition of synthetic diets

Dietary composition (% by weight)

18% protein 9% protein

Casein 18 9
Snowflake (cornstarch) 425 48.5
Solkafloc (cellulose) 5 5

Sucrose 21.3 243
Choline 0.2 0.2
Mineral mix 2 2

Vitamin mix 0.5 0.5
DL-methionine 0.5 0.5

Corn oil 10 10
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Appendix 3

Angiotensin IT inhibitor

1. Dissolve 0.5g O-phenanthroline (1,10-phenantholine monohydrate) in 1ml absolute

alcohol in a small beaker.

2. Transfer to a 100ml volumetric flask.

3. Wash beaker with a further 1ml alcohol and also add to the volumetric flask.

4. Dissolve 4.64g EDTA (disodium salt) in approximately 60ml boiled distilled water in
a beaker (heat gently).

5. Add to 0-phenanthroline slowly with continual mixing.

6. Allow to cool and add 0.2g neomycin sulphate and make up to 100mls with boiled

distilled water.

Use 0.5ml of inhibitor for a 10ml blood sample.

209



Appendix 4

Angiotensin converting enzyme assay reagents

20mM K,HPOq, pH 8.3, 0.6M NaCl
3mM Hippury!-Histidyl-Leucine (HHL)
3% Cyanuric chloride in 1,4 dioxane

Standards 0-500ug/ml Hippuric acid
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Appendix 5

Protein assay

Standard: 1mg/ml B.S.A. made up in NaOH (or buffer). Range 0.2mg/ml to 1mg/ml.
BCA solution: 50ml Bicinchoninic acid solution (Sigma: B-9643)

Iml 4% copper sulphate.

Mix these solutions together for 5 minutes then use directly in the assay.
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Appendix 6

Plasma renin activity assay

Chemicals

Tris (BDH)

5M Hydrochloric acid

EDTA disodium salt (BDH)

Dextran T70 (Pharmacia)

Norit SX-1 charcoal

Human albumin (Sigma)

[1'*] Ile’ angiotensin I (Dupont)
Angiotensin [ antiserum (BPU)

1le’ angiotensin I (MRC standards division)

Neomycin sulphate N-1876

Reagents

Tris/EDTA buffer - 3M/200mM, pH7.0 at 37°C

Tris/HCI buffer - S0mM, pH7.4, at 22°C

Dextran/charcoal - 2L Tris/HCl buffer. Mix 0.282g dextran into 50mls of buffer. Mix
15¢g charcoal into rest of buffer. Add two mixtures together and mix.

Antibody trapping mixture - Mix antiserum with 3M Tris (1:150). Take 1ml + add 2ml
3M Tris/EDTA + 6 ml 50mM Tris/HCI.

Angiotensin [ standard - 100ng/m! 50mM Tris buffer

[['*]-angiotensin I Label - 5pg/50ul Tris/HCI buffer
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Appendix 7

Angiotensin II radioimmunoassay

Chemicals
o-phenanthroline (BDH), neomycin sulphate (Sigma), EDTA disodium salt (BDH),

ethanol, Tris (BDH), 5M HCI, human albumin (Sigma), bovine albumin (Sigma), dextran
T70 (Pharmacia), Norit SX-1 charcoal, SEP-PAK C18 cartridges (Waters), methanol,
Hypertensin (val’ angiotensin 1l amide) (Ciba), [I'*’]-lle’ angiotensin II (Dupont),

angiotensin II antiserum (BPU).

Reagents
Inhibitor solution - 0.1M EDTA / 0.05M o-phenanthroline

Tris/HCl buffer - 50mM, pH7.4, 22°C.
Dextran/charcoal - 2L Tris/HCI buffer. Mix 0.282g dextran into 50mls of buffer. Mix

15g charcoal into rest of buffer. Add two mixtures together and mix.
Angiotensin IT antiserum - 1:10, 000 in Tris buffer.

Angiotensin II standard - 2ng/ml Tris buffer.

I-125 angiotensin II - 2.5pg/50ul Tris buffer.

Extraction of angiotensin II from plasma
Place SEP-PAK columns on Vac. Elute sps 24 with LP3 tubes for eluate collection.

Wash column with S5ml methanol followed by distilled water at 10psi. Load plasma onto
columns, and wash through with Sml distilled water. Elute columns with 80% methanol
in distilled water (2ml). Remove tubes containing eluates and place in vacuum centrifuge

at 37°C. Dry samples and store at -20°C.
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Appendix 8

Amersham Prostaglandin Enzymeimmunoassay systems

Components of the assay systems

Microtitre titre plate - 96 wells, coated with IgG.
Prostaglandin conjugate

Standard

Antibody

Assay buffer concentrate

TMB (3,3’,5,5’ -tetramethylbenzidine) substrate

Wash buffer concentrate
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Appendix 9

Creatinine assay

Chemicals and reagents

Fullers earth (Sigma)

Oxalic acid 18g/dl, saturated

Alkaline Picrate - equal volumes of each 0.6N NaOH + 1% 0.04M Picric acid (prepare
just before use).

Standards - Stock =100mg creatinine (Sigma) + 0.8ml concentrated HCl made up to
100ml with distilled water. Standards 0-400ug/ml.
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