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ABSTRACT 

 

Kidney disease is a major complication of diabetes and accounts for one-third of 

all diabetes-related deaths.  Estrogen is considered protective against cardiovascular and 

non-diabetic renal disease, however it is unclear if this protection extends to diabetes and 

diabetic kidney disease.   

To address these questions, we have used a new model of menopause in which 

repeated daily injections of 4-vinylcyclohexene (VCD) induces gradual ovarian failure in 

mice.  Unlike with ovariectomy, the VCD model preserves the gradual transition into 

ovarian failure (OF) (modeling perimenopause).  Also, following OF, the residual ovarian 

tissue is retained and secretes androgens, similar to the androgen production by 

postmenopausal human ovaries.   

The VCD model of menopause was combined with the streptozotocin (STZ) 

model of type 1 diabetes, and the development of diabetes and diabetic kidney damage 

were studied over the subsequent 6 weeks.  We observed that blood glucose levels are 

higher in post-OF diabetic mice compared to cycling diabetic and peri-OF diabetic mice.  

Renal cell proliferation, an early marker of kidney damage, is increased in post-OF 

diabetic mice compared to cycling diabetic mice, as measured by expression of 

proliferating cell nuclear antigen.  We also demonstrate that expression of α-smooth 

muscle actin is increased in post-OF diabetic mice compared to cycling diabetic mice.  

Five weeks after STZ injection, post-OF diabetic mice had higher rates of urine albumin 

excretion than cycling diabetic mice.   
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Using real-time PCR, we identified changes in expression between post-OF 

diabetic and cycling diabetic mice of genes which have previously been associated with 

diabetic kidney damage.   We also show that some of these changes occur in peri-OF 

diabetic mice as well.  Using microarray, we identified 119 new genes which are 

regulated by the combination of ovarian failure and diabetes in the mouse kidney.    

These data support our hypothesis that the changes in hormones which occur 

during the transition into ovarian failure exacerbate the development and progression of 

diabetic kidney damage in mice.  These data also highlight the utility and importance of 

the VCD model of menopause in the study of diabetic kidney damage. 
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CHAPTER 1: INTRODUCTION 

 

The VCD model of menopause 

For most human women the progression into menopause is a gradual and lengthy 

process (137).  Throughout a woman’s lifetime, the pool of primordial follicles (eggs) 

with which she is born is gradually depleted, until none remains, ovulation ceases, and 

menopause occurs.  The 5-10 years preceding menopause is termed perimenopause, and 

during this time cycle length and estrogen levels fluctuate irregularly, with periods of low 

estrogen interspersed with periods of high estrogen (9,114).  The periods of low estrogen 

become more frequent as a woman approaches menopause until circulating levels of 17β-

estradiol drop to continuously very low levels at menopause (114).  Recent clinical 

studies have found that many disease risk factors traditionally associated with menopause 

begin to change during the perimenopausal period, suggesting that study of the 

perimenopausal period may lead to new understanding of and preventive therapies for 

diseases which have traditionally been associated with menopause in women (140). 

A new chemical model of menopause has been developed which models in 

rodents the natural progression into menopause of most human women.  4-

vinylcyclohexene diepoxide (VCD) is a chemical by-product of rubber manufacturing 

which has been demonstrated to selectively destroy primordial and primary follicles in 

ovaries of rats and mice (reviewed in (42)) without producing effects in large follicles or 

other tissues (80).  Repeated daily injections of VCD induce gradual ovarian failure in 

mice (69).  Ovarian failure in rodents is analogous to menopause in humans; thus VCD-
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treated mice serve as a model of human menopause.  Furthermore, in the VCD model, the 

period preceding full ovarian failure (the peri-ovarian failure period) mimics human 

perimenopause.  As shown in Figure 1.1, during the peri-ovarian failure period, cycles 

gradually become longer and more irregular, estrogen levels fluctuate with a general 

decreasing trend, and follicle stimulating hormone levels increase, similar to what is seen 

in women during perimenopause.   

Following menopause in women, the ovaries secrete androgens (46,63,130), 

though their contribution to the overall hormonal state of the body is debated (19).  In the 

VCD model of menopause the ovaries secrete androgens following ovarian failure (80), 

similar to postmenopausal human ovaries.  Androgens and the androgen/estrogen ratio in 

postmenopausal women may affect cardiovascular disease and the metabolic syndrome 

(20,44,55,59,139), and in animal studies androgens have been implicated in the 

development of kidney disease (2,24,30,85,104).  Thus the androgen production by the 

post-ovarian failure ovaries in the VCD model of menopause may contribute to the study 

of diseases and their complications.   

The most commonly used animal model of menopause is surgical removal of the 

ovaries (ovariectomy).  This model is limited as it involves abrupt termination of ovarian 

steroid production and thus has no period analogous to human perimenopause.  Also, 

since the ovaries are removed, any post-menopausal androgen secretion by the ovaries is 

lost.  Because the VCD model of menopause overcomes both of these limitations, it 

provides a new and unique opportunity to study the development and progression of 

diseases and their risk factors across the menopausal transition.  

14



Some experimenters have used rodents which have naturally ceased to cycle and 

have entered ovarian failure to model human menopause.  In this model the gradual 

progression into complete ovarian failure and the presence of residual ovarian tissue are 

preserved, though it is unknown if the ovaries secrete androgens.   However, rodents 

naturally enter ovarian failure only shortly before the end of their lifespan, limiting the 

length of any experiments started after full ovarian failure is reached.  Furthermore, this 

model of menopause fails to separate the effects of ovarian failure from the effects of 

aging, which in rodents includes high rates of cancer and kidney disease.  Thus rodents 

which have naturally entered ovarian failure provide a limited model of human 

perimenopause and menopause.  With the VCD model of menopause, ovarian failure can 

be induced in young rodents, overcoming the limitations of the aged rodents with natural 

ovarian failure. 
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Figure 1.1 – The VCD model of menopause.  The changes in cyclicity, estrogen levels, 
and FSH levels in human across the normal transition through puberty, perimenopause, 
and menopause are modeled by a mouse which has been dosed with VCD to induce 
gradual ovarian failure.  VCD – 4-vinylcyclohexene diepoxide, FSH – follicle stimulating 
hormone. 
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The emerging diabetes epidemic 

Diabetes is one of the most prevalent and costly diseases afflicting developed 

countries, with estimates placing the current global cost of diabetes at $150 billion a year 

(1), and the incidence of diabetes is in the United States and the world in general is 

increasing (67,72,138).  Conservative estimates predicting a doubling of the number of 

people with diabetes in the next 20 years (138) and suggest 10-15% of the adult 

population of the United States will have diabetes by the year 2025 (72,139).  Major 

causes of this emerging epidemic include: population ageing, urbanization in developing 

countries (due to changes in diet and physical activity levels), and increasing obesity and 

stress levels (1,10,67,138).  Minority groups carry a disproportionate percentage of the 

burden of diabetes (39,72), likely due to genetics and environmental and lifestyle factors. 

There are two types of diabetes.  Type 1 diabetes is an autoimmune disease in 

which the pancreatic β-cells are destroyed, leading to a loss of insulin production and a 

rise in blood glucose levels (hyperglycemia).  Type 2 diabetes, which accounts for  

approximately 95% of diagnosed cases of diabetes in the United States, is characterized 

by insulin resistance, in which the body produces insulin, but normally insulin-responsive 

tissues do not respond.  In advanced states of type 2 diabetes, insulin production falls, 

leading to hyperglycemia, similar to what is seen in type 1 diabetes.   

 

Animal models of diabetes 

Several rodent models of diabetes have been developed.  The most commonly 

used model is the streptozotocin (STZ) model of type 1 diabetes.  STZ is toxic to the 
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insulin-producing pancreatic β-cells, and following STZ injection insulin production 

falls, inducing hyperglycemia.  Several animal models of type 2 diabetes have also been 

developed, including the high-fat diet-fed mouse (135), the db/db mouse, which 

possesses a leptin receptor mutation (120), and the Zucker diabetic fatty rat, which also 

possesses a leptin receptor mutation (94).   

While most humans with diabetes have type 2 diabetes, most studies of diabetes 

and its complications have been done in animal models of type 1 diabetes or in vitro cell 

culture.  Many of the signaling pathways which lead to diabetic complications appear to 

be common to both type 1 and type 2 diabetes, unified by such factors as high blood 

glucose (97).  An important difference between the STZ model of type 1 diabetes and 

type 2 diabetic patients involves blood pressure, which is increased in most patients with 

type 2 diabetes, but either unchanged or decreased in multiple strains of mice with STZ-

induced type 1 diabetes (38). 

There are several advantages to the STZ model of type 1 diabetes.  Many studies 

of diabetes and its complications have been done using STZ-induced diabetes in mice and 

rats.  Thus, the model is well characterized, which facilitates comparison of one’s results 

to previous work.  Also, because diabetes is induced by STZ injection, it is relatively easy 

to determine the start date of diabetes and calculate subsequent time points for assessing 

diabetes and its complications.  Furthermore, STZ-induced diabetes is not associated with 

hypertension (38) or increased insulin levels, simplifying the interpretation of one’s 

results. 
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Estrogen in diabetes 

Estrogen appears to be protective against the development of many diseases, 

including diabetes.  The incidence of diabetes seems to be slightly lower in women than 

men throughout most of life (138).  Furthermore, the incidence of newly diagnosed cases 

of type 2 diabetes is lower in postmenopausal women receiving hormone replacement 

therapy than in placebo-treated women (50,76,112), and hormone replacement therapy 

improves insulin resistance in postmenopausal women with impaired fasting glucose 

(76,112).  In perimenopausal women, longer cycle length (i.e. lower estrogen levels) has 

also been associated with higher blood glucose levels and hyperinsulinemia (79).   

Drawing conclusions about the role of estrogen in diabetes from these studies is 

complicated by possible effects of diabetes on sex hormone levels.  Some studies have 

shown that estrogen levels are decreased in premenopausal women with diabetes (105), 

and women with type 1 diabetes have more menstrual irregularities than non-diabetics, 

including a later age of menarche and an earlier age of onset of menopause (125,146) 

even in the presence of excellent metabolic control (96).  In contrast to premenopausal 

women, in postmenopausal women impaired fasting glucose and type 2 diabetes are 

positively associated with higher estrogen levels (21,22,32,33,95), and post-menopausal 

women with type 2 diabetes have a higher estradiol/testosterone ratio (33).   

Animal studies suggest estrogen is protective against diabetes.  In multiple strains 

of mice with STZ-induced diabetes, females had lower blood glucose levels than males 

(38).  In db/db mice, estrogen deficiency induced by removal of the ovaries 

(ovariectomy) led to an increase in blood glucose levels, and this increase was corrected 
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by estrogen replacement (14).  Similar results were seen in two separate studies of rats, in 

which estrogen treatment of ovariectomized animals with STZ-induced diabetes lowered 

blood glucose compared to untreated ovariectomized diabetic rats (106,136).   

The decrease in estrogen levels seen in diabetic premenopausal women is also 

modeled in diabetic rats.  Estrogen levels were decreased in female rats made diabetic by 

STZ-injection (23,136), and in ovariectomized rats, estrogen replacement increased 

estrogen to a higher level in non-diabetic rats than in diabetic rats, despite identical 

replacement protocols (106).  

 

Diabetic kidney disease – normal progression in humans 

End-stage renal disease is a major complication of diabetes.  Approximately one 

third of diabetic patients die of end stage renal disease (118), and diabetes is the major 

cause of end-stage renal disease in most countries (1).  As the number of individuals with 

diabetes increases, the number of those with diabetic kidney disease is also increasing 

(3).   

One of the first effects of diabetes on the kidney is to increase the size of the 

kidneys and the glomeruli (91).  This increase in size increases the filtration surface of 

the kidney, leading to an increase in the glomerular filtration rate (GFR) (84,91).  Normal 

GFR values range between approximately 90-125 mL/min; in newly diagnosed type 1 

diabetic patients, GFR increases by 40% to approximately 130-175 mL/min (84).   

Another early effect of diabetes on the kidney is to increase the thickness of the 

glomerular basement membrane, which surrounds the glomerular capillaries and plays a 
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role in filtering the blood.  Over the course of the first 5-10 years of type 1 diabetes, the 

glomerular basement membrane thickens by approximately 35% from 300-350 nm in 

normal individuals to 400-475 nm in diabetic patients (26,84).   

During the first 10 years following diabetes diagnosis, accumulation of 

extracellular matrix within the glomeruli and fibrosis of the tubular interstitial space also 

begin to occur (26), however patients remain asymptomatic for kidney damage.   

Microalbuminuria, the appearance of small amounts of the protein albumin in the 

urine, begins to develop 10-15 years after the onset of diabetes (132).  Normal albumin 

excretion rates are <30 mg/day; microalbuminuria is defined as an albumin excretion rate 

between 30-300 mg/day (93).  Microalbuminuria represents the beginning of overt kidney 

damage, though GFR remains elevated in microalbuminuric diabetic patients (132). 

Clinical diabetic nephropathy is characterized by declining GRF and albuminuria, 

and these markers of overt kidney damage often become apparent 15-20 years after the 

onset of type 1 diabetes (26,132).  Albuminuria is defined as an albumin excretion rate 

>300 mg/day, and the presence of such large amounts of protein in the urine herald a 

decline in GFR of 2-20 mL/min/year (93).  As GFR declines the kidneys are no longer 

able to properly filter the blood and remove waste products, leading to kidney failure.  

The time for a patient to progress for a diagnosis of diabetic nephropathy to renal failure, 

defined by the National Kidney Foundation as having a GFR below 15 mL/min, ranges 

from just a few months to a few years (132).    

Declining GFR is caused by glomerulosclerosis, a hardening and scarring of the 

renal glomeruli caused by thickening of the glomerular basement membrane and 
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expansion of the mesangial matrix.  Mesangial cells within glomeruli secrete extracellular 

matrix (ECM) proteins to form the mesangial matrix.  This matrix normally provides 

structure and support to the glomerular capillaries (49).  In diabetes proliferation and 

hypertrophy of mesangial cells and increased mesangial cell production of extracellular 

matrix (ECM) proteins leads to expansion of the mesangial matrix (15,41,141), as shown 

in Figure 1.2.  The expanded mesangial matrix compresses the glomerular capillaries, 

decreasing the filtration area and leading to a decline in GFR.   

22



   

Figure 1.2 – Diabetic glomerulosclerosis.  Sections are from human kidneys and are 
Periodic acid-Schiff stained.  Extracellular matrix is stained purple-pink.  A) A normal 
glomerulus showing open capillaries and little mesangial matrix.  B) A glomerulus with 
advanced diabetic glomerulosclerosis.  Accumulation of the mesangial matrix has 
compressed the capillaries.  Adapted from 
http://homeremedy.blogsome.com/images/diabetes%20diabetic.JPG 
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Albuminuria is caused by damage to the filtration barrier within the glomeruli.  

The filtration barrier consists of fenestrated capillaries, the glomerular basement 

membrane, and podocytes, epithelial cells with specialized “foot processes” which 

surround the glomerular capillaries.  In diabetes damage to the components of the 

filtration barrier prevents the proper filtering function of the glomeruli and results in the 

appearance of albumin, a protein which is normally retained in the blood by the 

glomerular filtration barrier, in the urine (129,132). 

Other common histopathologic changes in the diabetic kidney are tubular 

basement membrane thickening and the development of tubular interstitial fibrosis.  

Tubular basement membrane thickening is closely correlated with glomerular basement 

membrane thickening.  The normal tubular basement membrane is approximately 560 nm 

thick, and in type 1 diabetic patients the tubular basement membrane thickens by 50% to 

approximately 850 nm (6).  This increase is observed in patients with normal albumin 

excretion rates, suggesting that tubular basement membrane thickening begins to occur 

early in the development of diabetic kidney damage.   

Tubular interstitial fibrosis is the result of accumulation of extracellular matrix 

proteins in the interstitial space.  As with mesangial cells in glomerulosclerosis, 

proliferation and hypertrophy of interstitial cells leads to increased production and 

accumulation of extracellular matrix proteins in the interstitium.  It is unclear exactly 

when tubular interstitial fibrosis develops, however it is observed after GFR has begun to 

decline (53) suggesting it is a later development in diabetic kidney damage.   
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Mechanisms of hyperglycemia-induced kidney damage – animal models and cell culture 

Studies in rodent models of diabetes and in cell culture have been useful in 

elucidating the many factors which play a role in the development of diabetic kidney 

damage.  Rodent models of diabetes develop many of the same characteristics of human 

diabetic kidney damage.  Increased renal cell proliferation occurs as early as 10 days after 

STZ-injection in rats (122).  Increased GFR has been demonstrated within 12 weeks of 

STZ-injection in mice (149) and within 2 weeks in rats (134).  Rodents also develop 

albuminuria, and accumulation of ECM proteins in the glomeruli and tubular interstitial 

space is seen as early as 12 weeks after STZ-injection in rats (23,73).  Overt 

glomerulosclerosis develops by 25 weeks after STZ-injection in mice (101).  In contrast 

to humans, however, diabetic mice and rats do not progress into renal failure (5). 

Hyperglycemia, through both direct and indirect effects, underlies many of the 

pathological changes which lead to kidney damage.   Both mesangial cells (142) and 

proximal tubules cells (115) proliferate in response to hyperglycemia in animal models of 

diabetic kidney disease.  Proliferation of mesangial cells leads to overproduction of the 

mesangial matrix, similar to what is seen in advanced human diabetic nephropathy.  The 

proliferation of proximal tubule cells is likely an adaptive response to the initial diabetes-

induced increase in GFR, as the increased size and number of proximal tubule cells 

allows for greater reabsorption of components of the urine filtrate (115). 

One of the most prevalent characteristics of the diseased diabetic kidney in 

rodents is increased accumulation of ECM proteins, particularly collagens I and IV 

(113,135).   In vitro, high glucose levels increase expression of collagen I and IV in 
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mesangial cells (152), mouse podocytes (45), proximal tubules cells (153), and renal 

fibroblasts (57).   

Transforming growth factor-β (TGFβ) is implicated in the hyperglycemia-induced 

increase in ECM production.  In vitro, the increase in expression of collagens I and IV by 

mesangial cells is mimicked in low glucose concentrations by addition of a TGFβ peptide 

and blocked by addition of an anti-TGFβ antibody, indicating that TGFβ mediates the 

glucose-induced increase in collagen production (152).  Similar results were seen in 

cultured renal fibroblasts (57).  In cultured podocytes, high glucose did not increase 

TGFβ mRNA expression, however it did increase the TGFβ type II receptor, making the 

podocytes more sensitive the TGFβ (45).   

Data from animal studies support a role for TGFβ in the development of diabetic 

nephropathy.  TGFβ mRNA expression was increased in kidneys from rats with STZ-

induced diabetes as early as 2 weeks after STZ injection (62), and TGFβ protein 

expression was increased 12 weeks after STZ-injection in renal cortex of diabetic rats 

(73).  Furthermore, in glomeruli from diabetic mice, there is an increase in expression 

TGFβ type II receptor protein, and diabetes-induced glomerulosclerosis is decreased in 

mice which are heterozygous for a TGFβ type II receptor knockout (56).   

Accumulation of ECM in the diabetic kidney is caused not only by increased 

production of ECM proteins, but also by decreased degradation of the ECM.  This is due 

to the decreased expression and activity of the ECM-degrading enzymes, the matrix 

metalloproteinases (MMP) (74,116).   
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In addition to direct effects on cell proliferation and ECM accumulation, 

hyperglycemia induces diabetic nephropathy via indirect mechanisms, including by 

increasing reactive oxygen species (13,44), leading to the formation of advanced 

glycation endproducts (118), and leading to macrophage accumulation in the kidney 

(16,17).   

 

Estrogen in non-diabetic kidney damage 

Premenopausal women with non-diabetic kidney disease show slower rates of 

declining kidney function than men with non-diabetic kidney disease (86).  Consistent 

with this, studies in several animal models of kidney disease have shown beneficial 

effects of estrogen.  Aged mice which have naturally ceased cycling and entered ovarian 

failure, but not young cycling mice, exhibit markers of kidney disease, including 

increased urine albumin excretion, increased glomerular volume, and increased 

glomerulosclerosis (151).  In the ROP OS/+  glomerulosclerosis-prone mouse strain, 

ovariectomy (OVX) alone led to a 30% increase in glomerular area, a 300% increase in 

urine albumin excretion, glomerulosclerosis, and macrophage infiltration into the 

glomeruli over the course of 10 months (25).  In a separate, but similar study, treatment 

with estrogen prevented the OVX-induced increases in glomerular area and urine 

albumin excretion (52).  Knockout of estrogen receptor-α, the main estrogen receptor 

isoform in the kidney (82,121), caused female mice to develop albuminuria and 

glomerulosclerosis by nine months of age, while wild-type mice did not develop kidney 

damage (24).  In the renal wrap model of kidney disease, OVX increased glomerular 
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volume and the degree of glomerulosclerosis, and these parameters were normalized by 

estrogen supplementation (48).  Dahl salt-sensitive rats fed a low-salt diet developed 

glomerulosclerosis and tubular interstitial fibrosis after one month if they were OVX, but 

not if they were intact or treated with estrogen replacement therapy (77).   

Not all animal studies have found that estrogen is protective against kidney 

disease.  In two studies of non-diabetic obese Zucker rats, OVX had no effect on the 

development of kidney disease as measured by urine albumin excretion and the degree of 

glomerulosclerosis, while estrogen treatment of OVX rats for 6 weeks resulted in a 200% 

increase in urine albumin excretion (31,124).   

 

Estrogen in diabetic kidney disease 

It is unclear if estrogen is protective against the development and progression of 

diabetic kidney disease in humans (119).  Some studies have found beneficial effects of 

estrogen, but others have not.   For example, one retrospective study found that in type 1 

diabetic patients, females develop microalbuminuria at a slower rate than men from 10-

25 years after diabetes diagnosis and have a lower incidence of overt nephropathy than 

men 25 years after diabetes is diagnosed (90).  Similarly, a different study found that 

male gender was an independent risk factor for the rate of decline in GFR (47).  In 

contrast in a third, prospective study gender did not predict another marker of kidney 

disease, a doubling of serum creatinine, in patients with previously established diabetic 

nephropathy (4).   
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Studies in animal models generally show a positive effect of estrogen on diabetic 

kidney disease.  In one study of rats with STZ-induced diabetes, over the 12 week study 

period OVX induced a 37% increase in urine albumin excretion, increased the 

glomerulosclerosis index and the tubular interstitial fibrosis index (measures of the 

degree of glomerulosclerosis and tubular interstitial fibrosis, respectively), and increased 

expression of TGFβ.  Estrogen supplementation to the diabetic OVX rats prevented all of 

these changes (73).  A similar study of rats with STZ-induced diabetes also found that 

after 12 weeks of diabetes OVX diabetic rats had significantly increased urine albumin 

excretion rates compared to intact diabetic rats, and treatment with estrogen was 

associated with a 70% decrease in the rate of albumin excretion compared to untreated 

OVX diabetic rats (106).  In a third study diabetes was induced with STZ in OVX rats, 

and kidney damage was allowed to develop for 9 weeks.  Rats were then treated with 

estrogen for another 8 weeks before kidney damage was assessed.  Estrogen treatment 

ameliorated the diabetes-induced increase in urine albumin excretion by 30%, decreased 

the accumulation of ECM proteins in both the glomeruli and tubular interstitial space, and 

decreased the accumulation of macrophages in the glomeruli (23).  Similar results were 

found in a different animal model of diabetes, the db/db mouse.  db/db mice develop 

several markers of kidney damage, including increased glomerular area, mesangial matrix 

expansion, and albuminuria between 8 and 16 weeks of age (5).  In mice which were 

OVX at 10 weeks of age, OVX tended to increase urine albumin excretion, while 

estrogen replacement reduced urine albumin excretion and the degree of 
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glomerulosclerosis to levels below those seen in intact db/db mice over the subsequent  8 

weeks of the study (14). 

 

Mechanisms of estrogen protection in diabetic kidney damage 

Estrogen appears to protect against diabetic kidney damage by preventing the 

initial diabetes-induced renal cell proliferation and the increase in ECM accumulation.  

Estrogen treatment suppressed proliferation of cultured human and rat mesangial cells 

(61,145).  Estrogen also suppressed the synthesis of collagens I and IV in mesangial cells 

grown in culture (61,87,145), likely by inhibiting TGFβ activity (65).  Similarly, in 

mesangial cells isolated from old acylic mice with low estrogen levels expression of 

TGFβ and collagens I and IV are increased compared to in mesangial cells isolated from 

younger cycling mice with higher estrogen levels (28,151).  These data suggest estrogen 

protects against diabetic kidney damage by inhibiting the synthesis of ECM proteins by 

glomerular mesangial cells.   

Estrogen also increases the expression and activity of the matrix-degrading 

enzymes, the MMPs.  MMP-9 expression and activity was increased by estrogen in 

cultured mesangial cells (99,100), and MMP-2 activity was decreased in mesangial cells 

isolated from old acyclic mice compared to mesangial cells isolated from young cycling 

mice (28).  These data suggest that estrogen may attenuate the diabetes-induced decrease 

in MMP expression and activity, leading to increased degradation of the ECM and 

preventing ECM accumulation. 
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Studies in vivo support these hypotheses that estrogen inhibits the synthesis and 

increases the degradation of the ECM in diabetic kidneys.  In OVX diabetic rats, estrogen 

administration partially attenuated the diabetes-induced increase in expression of TGFβ 

(73) and collagens I and IV (74) and normalized the expression and activity of MMP-2 

and MMP-9 (74) after 12 weeks of STZ-induced diabetes.  In a similar study, when 

estrogen replacement to OVX diabetic rats was started 9 weeks after STZ-injection and 

continued for 8 weeks, estrogen treatment decreased protein expression of collagens I and 

IV, TGFβ, and  the TGFβ receptor and increased the activity and expression of MMP-2 

(23). 

 

Androgens in kidney disease  

While most studies examining sex differences in the development of diabetic and 

non-diabetic kidney disease have focused on estrogen, several studies also suggest a role 

for androgens in kidney disease development.  For example, testosterone administration 

to non-diabetic female OVX mice led to an increase in urine albumin excretion and 

glomerular volume (24).  Similarly, in female mREN2 rats, a genetic model of 

hypertension associated with overactivity of the renin-angiotensin system, administration 

of flutamide, an androgen receptor antagonist, reduced urine albumin excretion from 22 

mg/day to 2 mg/day and prevented hypertension-induced histopathological changes in the 

kidney after 8 weeks of treatment (2).  These data suggest that androgens have a 

detrimental effect on the development of kidney damage in female rodents.  The direct 

mechanisms by which testosterone may affect the kidney have not yet been elucidated, 
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however testosterone does not appear to have any effect on proliferation, the synthesis of 

collagens I and IV, or the expression of TGFβ in cultured mesangial cells (61).   

 

Aims and hypotheses 

In this study, we combined the VCD model of menopause with the streptozotocin 

(STZ) model of type 1 diabetes in mice and studied how the changes in levels of gonadal 

steroid hormones which occur across the menopausal transition affect diabetes and 

diabetic kidney damage.  We hypothesized that changes in gonadal steroid hormone 

levels across the menopausal transition would negatively affect the development of 

diabetes and diabetic kidney damage.  The data presented in this dissertation support this 

hypothesis and further suggest that the perimenopausal period may be important in the 

development and progression of diabetic kidney disease.  This study highlights the utility 

of the VCD model of menopause in the study of diabetes and diabetic kidney disease 

across the menopausal transition. 

 

Specific Aim 1:  Characterize the combination of the 4-vinylcyclohexene diepoxide 

(VCD) model of menopause with the streptozotocin (STZ) model of type 1 diabetes.   

 

Working hypothesis: The changes in gonadal steroid hormone levels that occur 

with ovarian failure in the VCD model of menopause will exacerbate STZ-

induced diabetes. 
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Specific Aim 2:  Determine whether ovarian failure induced by VCD affects the 

development and progression of STZ-induced diabetic kidney disease in mice.   

 

Working hypothesis:  Ovarian failure induced by the VCD model of menopause 

in mice exacerbates the development and progression of diabetic kidney disease 

in the STZ model of diabetes.  

 

Specific Aim 3:  Elucidate genetic mechanisms underlying the impact of menopause 

on the development of diabetic kidney disease by identifying genes in the kidney 

which are regulated by gonadal steroid hormones and hyperglycemia.   

 

Working hypothesis:  There is a subset of genes which are regulated by the 

combination of gonadal steroid hormones and hyperglycemia in the kidney that 

impacts the development of diabetic nephropathy. 
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CHAPTER 2:  CHARACTERIZATION OF THE COMBINATION OF THE VCD 

MODEL OF MENOPAUSE AND THE STZ MODEL OF DIABETES 

 

INTRODUCTION 

The impact of menopause on the prevalence and severity of diabetes is unclear, 

though most animal studies suggest a protective role for estrogen in diabetes.  In the 

streptozotocin model of type 1 diabetes, females had lower blood glucose levels than 

males in multiple strains of mice (38), and in db/db mice, ovariectomy leads to an 

increase in blood glucose levels which is corrected by estrogen replacement (14).  Similar 

results were seen in two separate studies of rats with streptozotocin (STZ)-induced 

diabetes, in which estrogen treatment of ovariectomized diabetic animals lowered blood 

glucose compared to untreated ovariectomized diabetic rats (106, 136).   

 In humans postmenopausal ovaries produce androgens, and androgens may 

negatively affect the development and progression of type 2 diabetes in females (21, 22, 

32, 33, 95).  In animals, one study found that administration of testosterone to both 

ovariectomized and intact female mice increased their blood glucose levels following 

STZ injection compared to female mice not given testosterone (107).   

 Previous studies of the effects of estrogen and androgens on diabetes have been 

limited by the use of the ovariectomy model of menopause, which does not model the 

perimenopausal period or post-menopausal ovarian androgen production seen in humans.  

The purpose of this study was to overcome these limitations by using a new chemical 

model of menopause, termed the VCD model of menopause.  In this model repeated daily 
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injections of 4-vinylcyclohexene diepoxide (VCD) induce gradual ovarian failure in mice 

(69).  The gradual transition into full ovarian failure achieved with this model mimics the 

perimenopausal period:  cycles gradually become longer and more irregular and estrogen 

levels decrease.  Following ovarian failure the ovaries secrete androgens (80), similar to 

postmenopausal human ovaries.  This model provides a new and unique opportunity to 

study how the changes in hormones which occur across the menopausal transition affect 

diabetes and its complications.   

 We hypothesized that changes in levels of reproductive hormones across the 

menopausal transition negatively affect the development of diabetes, and the data 

presented here support this hypothesis.  This study highlights the utility of the VCD 

mouse model of menopause in the study of diabetes across the menopausal transition. 

 

MATERIALS AND METHODS 

Animals:  28 day old female B6C3F1 mice were used in this study.  Animals were housed 

in standard cages in the animal facility of the Arizona Health Sciences Center at the 

University of Arizona under National Institutes of Health guidelines and had ad libitum 

access to regular food and water.  All protocols were approved by the Institutional 

Animal Care and Use Committee at the University of Arizona.   

 

Induction of ovarian failure:  4-vinylcyclohexene diepoxide (Sigma, V3630) was 

administered via intraperitoneal (i.p.) injection at a dose of 160 mg/kg body weight using 

a dosing standard of 2.5 mL/kg body weight for 15 consecutive days to induce gradual 
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ovarian failure (69, 80).  Sesame oil was used as vehicle control.  Progression  into 

ovarian failure was monitored by daily vaginal cytology.  Ten consecutive days of 

diestrus was considered indicative of ovarian failure (69).   

 

Induction of diabetes:  Diabetes was induced by i.p injection of streptozotocin (STZ) 

(Sigma, S0130) at a dose of 75 mg/kg body weight using a dosing standard of 0.2 mL/22 

g body weight to 4-hour fasted mice for 3 consecutive days.  Cycling mice (not VCD-

injected) were injected with STZ on the same day.  Citrate buffer was used as vehicle 

control.  Animals were weighed regularly and visually monitored for signs of ill health.  

Mice were sacrificed 6 weeks after STZ injection.  Mice were fasted for 4 hours prior to 

sacrifice, at which point blood was collected, and blood glucose was measured using the 

CardioCheck PA Blood Testing Device (HealthCheck Systems, 2568) with CardioCheck 

Glucose Test Strips (HealthCheck Systems, 2556).  To confirm that STZ dosing was 

equally effective in cycling and VCD-dosed animals, serum insulin levels were measured 

using the Linco Research Inc. Rat/Mouse Insulin ELISA kit (Fisher, EZRMI-13K) 

according the manufacturer’s protocol. 

 

Ovarian Follicle Counts:  At sacrifice, ovaries were removed, trimmed of excess fat and 

connective tissue, and fixed in Bouin’s Solution.  Ovaries were then embedded in 

paraffin and serially sectioned (4 μm) by the University of Arizona Pathology 

Laboratory.  Every 20th section was mounted, and sections were stained with hematoxylin 

and eosin by the University of Arizona Pathology Laboratory.  Follicles were classified 
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according to previously described methods (103).  Briefly, primordial follicles consist of 

an oocyte surrounded by 2-3 flattened granulosa cells.  Small primary follicles consist of 

an oocyte surrounded by a single layer of up to 20 squamous granulosa cells, while large 

primary follicles consist of an oocyte surrounded by more than 20 granulosa cells.  

Secondary follicles consist of an oocyte surrounded by two or more layers of granulosa 

cells.  Antral follicles consist of an oocyte surrounded by multiple layers of granulosa 

cells and an antral cavity (fluid-filled cavity).  All follicles were counted and classified in 

every 20th section of one ovary from each animal, and the total number of follicles in 

each class were normalized to the number of sections per ovary.   

 

Statistics:  Data were analyzed using Student’s t-test or one-way ANOVA followed by 

Student-Neumann Keuls post-hoc test to identify differences between groups.  The 

Student’s t-test was used to compare two samples, and the ANOVA followed by post-hoc 

test was used to compare multiple samples.  In all tests, P<0.05 was considered 

significant.  Results are presented as mean ± standard error (SEM). 

 

 

RESULTS 

Study design: initiation of ovarian failure and diabetes 

 We combined the STZ model of type 1 diabetes with the VCD model of 

menopause in female mice in two separate studies, as shown in Figure 2.1.  In the first 

study, termed the Perimenopausal Study, mice were dosed with STZ during early peri-

37



ovarian failure, three days after the end of VCD dosing.  In the second study, termed the 

Menopausal Study, mice were dosed with STZ two weeks after entering ovarian failure.  

Age-matched cycling mice (not VCD-injected) were injected with STZ at the same time.  

Mice were sacrificed 6 weeks after STZ dosing.  Age-matched non-diabetic VCD-dosed 

mice (either in peri-ovarian failure, Peri-OF, or post-ovarian failure, Post-OF) and non-

diabetic cycling mice were sacrificed as controls.  Table 2.1 describes the treatment 

groups and dosing of all mice in both studies.   
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Figure 2.1 – Timeline of experimental study groups.  28 day old female B6C3F1 mice 
were separated into two study groups and given i.p. injections of VCD and STZ to induce 
gradual ovarian failure and diabetes, respectively.  All mice were dosed with VCD for 15 
consecutive days and with STZ for 3 consecutive days.  Large up arrows indicate the 
initial day of dosing of VCD or STZ.  Sacrifice followed six weeks after STZ dosing in 
both studies.  VCD – 4-vinylcyclohexene diepoxide, STZ – streptozotocin. 

This figure was previously published in Keck M, Romero-Aleshire MJ, Cai Q, 
Hoyer PB, and Brooks HL.  Hormonal status affects the progression of STZ-induced 
diabetes and diabetic renal damage in the VCD mouse model of menopause. Am J 
Physiol Renal Physiol 293(1): F193-F199, 2007. 
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Table 2.1 - Description of mouse groups

Description VCD STZ Number
Perimenopausal Study:

Control cycling non-diabetic n=6

Peri-OF impending ovarian failure non-diabetic + n=9

Diabetic cycling diabetic + n=8

Peri-OF/Diabetic impending ovarian failure diabetic + + n=11

Menopausal Study:
Control cycling non-diabetic n=9

Post-OF post-ovarian failure non-diabetic + n=9

Diabetic cycling diabetic + n=9
Post-OF/Diabetic post-ovarian failure diabetic + + n=9

Descriptions of treatments given to mice. "+" indicates a chemical which was injected. Otherwise
mice were injected with appropriate control buffer. VCD - 4-vinylcyclohexene diepoxide; STZ -
streptozotocin; OF - ovarian failure.
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Verification of induction of gradual ovarian failure by VCD 

 No one has previously combined the VCD model of menopause with the STZ 

model of type 1 diabetes.  We wanted to determine if STZ negatively affected the ovaries 

of mice in a long term manner.  To do this, we monitored the estrous cycles of all mice in 

both studies by daily vaginal cytology and counted ovarian follicles in the Menopausal 

Study.   

 As mice approach ovarian failure, cyclicity becomes more irregular, and cycles 

gradually becomes longer.  As shown in Figure 2.2, in the Perimenopausal Study there 

were no differences in cycle length between any of the groups of mice (control – 4.7 ± 

0.4; Peri-OF – 6.7 ± 1.1; Diabetic – 5.3 ± 0.5; Peri-OF/Diabetic – 5.9 ± 0.6 days/cycle). 

All mice except for two (one peri-OF and one peri-OF/diabetic) continued to cycle over 

the course of the entire study.   

 As in the Perimenopausal Study, in the Menopausal Study there was no difference 

in cycle length between control and cycling diabetic mice (5.3 ± 0.4 vs. 5.6 ± 0.5 

days/cycle, P>0.05).  Cyclicity was not assessed in VCD-treated mice in the 

Postmenopausal Study (post-OF and post-OF/diabetic mice) after animals entered 

ovarian failure and were acyclic, which occurred before STZ injection. 

   Animals which are cycling normally contain primordial, primary, secondary, and 

antral follicles.  In contrast, ovaries from mice which have entered ovarian failure are 

follicle deplete.  To verify that VCD induced gradual ovarian failure in all mice and to 

determine if STZ injection negatively affected the ovaries, we counted the number of 

follicles in ovaries from mice in the Menopausal Study.  As shown in Figure 2.3, we 
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found that all VCD-dosed mice (non-diabetic post-OF and post-OF/diabetic mice) were 

follicle deplete.  Furthermore, there were no differences in the number of follicles of any 

type between control and cycling diabetic mice.   

These data support our observations from daily vaginal cytology, in which there 

were no differences in the cycle length between control and diabetic mice.  Together, the 

cyclicity data and the ovarian follicle counts suggest that STZ does not directly 

negatively affect the ovaries of mice in a long term manner. 
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Figure 2.2 – Estrous cycle summary from Perimenopausal Study.  Vaginal cytology was 
performed daily in all mice to assess ovarian status, and the average length of the estrous 
cycle across the entire study is presented here.  There were no significant differences in 
cycle length between any of the treatment groups.  N=6-9 animals per treatment group.  
Results are expressed as mean ± SEM.   
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Figure 2.3 – Ovarian follicle counts in Menopausal Study.  Ovaries were collected at 
sacrifice, paraffin embedded, and serially sectioned, then every 20th section was mounted 
and stained with hematoxylin and eosin.  There were no differences in the number of 
each class of follicles between control and diabetic mice, and all post-OF and post-
OF/diabetic mice were follicle deplete.  N=3 animals per treatment group.  Results are 
expressed as mean ± SEM. 
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Hyperglycemia in the Perimenopausal Study   

STZ causes diabetes by destroying insulin-producing pancreatic β-cells via 

oxidative stress-induced apoptosis.  Without insulin, blood glucose levels rise leading to 

hyperglycemia.  To assess the extent of hyperglycemia in our mice, we measured blood 

glucose levels at sacrifice, 6 weeks after STZ injection, following a 4-hour fast.  As 

shown by the gray bars in Figure 2.4, there was a significant increase in blood glucose in 

all STZ-injected mice compared to control mice in the Perimenopausal Study.  Glucose 

levels in cycling diabetic mice were not significantly different from peri-OF diabetic 

mice (201 ± 96 mg/dL vs. 238 ± 102 mg/dL, P=0.31).  There was no significant 

difference in glucose levels between control and non-diabetic peri-OF mice (90 ± 15 vs. 

125 ± 8 mg/dL, P=0.39).   

 

Hyperglycemia in the Menopausal Study 

As in the Perimenopausal Study, in the Menopausal Study we measured blood 

glucose levels at sacrifice, 6 weeks after STZ injection, following a 4-hour fast.  As 

shown by the white bars in Figure 2.4, we again observed a significant increase in blood 

glucose levels in all STZ-injected mice.  We observed a significant increase in glucose 

levels in the post-OF/diabetic mice compared to the cycling diabetic mice (post-

OF/diabetic - 336 ± 86 mg/dL; cycling diabetic - 218 ± 76 mg/dL, P<0.05).  Furthermore, 

as shown in Figure 2.4, when compared across studies, glucose levels in post-OF/diabetic 

mice were significantly higher than glucose levels in peri-OF/diabetic mice (post-

OF/diabetic - 336 ± 86; cycling diabetic - 238 ± 102 mg/dL, P<0.05).  There were no 
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significant differences in glucose levels between control and non-diabetic post-OF mice 

(79 ± 6 vs. 85 ± 8 mg/dL, P>0.05).   

These data suggest a trend of continually increasing blood glucose levels across 

the transition into ovarian failure. 

 

Insulin levels in the Menopausal Study 

Hyperglycemia can result from either very low insulin levels, as occurs in type 1 

diabetes, or from insulin resistance, in which insulin levels are high but the body does not 

respond to the insulin, as occurs in type 2 diabetes.  To confirm that we induced a model 

of type 1 diabetes we measured insulin levels in serum collected from mice in the 

Menopausal Study at sacrifice.  A further goal of this experiment was to determine if 

VCD dosing or changed in levels of reproductive hormones affected insulin production in 

our study.  As shown in Figure 2.5 serum insulin levels were below the level of detection 

in all STZ-injected mice, as expected.  Furthermore, there was no difference in insulin 

levels between control and non-diabetic post-OF mice (0.014 ± 0.008 vs. 0.020 ± 0.010 

ng/mL, P>0.05).  These data confirm that we induced a model of type 1 diabetes and that 

VCD dosing did not affect the insulin production of pancreatic β-cells. 
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Figure 2.4 – Glucose measurements in Perimenopausal and Menopausal Studies.  Mice 
were injected with STZ to induce diabetes, and 4-hour fasted blood glucose was 
measured 6 weeks after STZ injection.  Gray bars – Perimenopausal Study; white bars – 
Menopausal Study.  N=6-9 animals per treatment group.  Results are expressed as mean ± 
SEM.  Significant difference determined by Student Neumann-Keuls post-hoc test 
following one-way ANOVA.  OF – ovarian failure, ns – non-significant. 

A version of this figure was previously published in Keck M, Romero-Aleshire 
MJ, Cai Q, Hoyer PB, and Brooks HL.  Hormonal status affects the progression of STZ-
induced diabetes and diabetic renal damage in the VCD mouse model of menopause. Am 
J Physiol Renal Physiol 293(1): F193-F199, 2007. 
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Figure 2.5 – Insulin levels in Menopausal Study.  Insulin was measured in serum from 4-
hour fasted mice, 6 weeks after STZ injection.  N=6-9 animals per treatment group.  ND 
– not detected, OF – ovarian failure. 
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Weight gain in the Perimenopausal Study 

In the Perimenopausal Study, all mice were weighed regularly following STZ 

injection as an assessment of their general health.  As shown in Figure 2.6A, all mice 

gained weight throughout the Perimenopausal Study.  Cycling diabetic and peri-

OF/diabetic mice tended to weigh less than control and non-diabetic peri-OF mice, 

however there were no significant differences in weight between any of the groups of 

mice at the beginning or end of the study.   

 

Weight gain in the Menopausal Study 

As in the Perimenopausal Study, in the Menopausal Study all mice were weighed 

regularly as an assessment of their general health following STZ injection.  As shown in 

Figure 2.6B, a non-significant weight loss was observed in cycling diabetic and post-

OF/diabetic mice from the time of STZ injection through the following 6 weeks of 

diabetes.  In contrast, control and non-diabetic post-OF mice gained weight throughout 

the study.  As shown in Figure 2.7, non-diabetic post-OF mice rapidly gained weight 

following ovarian failure, such that 8 weeks after entering ovarian failure post-OF mice 

weighed significantly more than control mice (control - 26.4 ± 0.65; post-OF - 30.9 ±1.82 

g, P<0.05). 

The most likely explanation for the differences in weight gain observed in the 

Perimenopausal and Menopausal Studies is the age of the mice.  Due to the study design, 

in the Perimenopausal Study, mice were approximately 6 weeks old at the time of STZ 

injection.  In contrast, in the Menopausal Study, mice were approximately 3-4 months old 
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at the time of STZ dosing.  At six weeks of age, mice are still considered to be in the 

“early adolescent” period of rapid growth, while by 3-4 months of age mice are close to 

fully grown.  Thus the weight gain in the Perimenopausal Study and the lack of weight 

gain in the Menopausal Study was expected.   
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Figure 2.6 – Changes in weight in the Perimenopausal and Menopausal Studies.  Body 
weight was measured regularly throughout both studies.  A) Perimenopausal Study. B) 
Menopausal Study.  N=6-9 animals per treatment group.  Results are expressed as mean ± 
SEM.   
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Figure 2.7 – Weight gain in post-OF mice.  Post-OF mice rapidly gained weight 
following ovarian failure compared to age-matched control mice.  N=9 animals per 
treatment group.  Results are expressed as mean ± SEM.  *P<0.05 vs. control at same 
time point as determined by Student’s t-test.   

A version of this figure was previously published in Keck M, Romero-Aleshire 
MJ, Cai Q, Hoyer PB, and Brooks HL.  Hormonal status affects the progression of STZ-
induced diabetes and diabetic renal damage in the VCD mouse model of menopause. Am 
J Physiol Renal Physiol 293(1): F193-F199, 2007. 
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DISCUSSION 

In this study we combined the VCD model of menopause with the STZ model of 

type 1 diabetes.  Two groups of mice were studied: one in which diabetes was induced 

during impending ovarian failure (modeling perimenopause), and one in which diabetes 

was induced post-ovarian failure (modeling menopause).  

 

Effects of STZ and diabetes on ovarian function 

To verify that VCD induced gradual ovarian failure in all mice, we monitored the 

animals’ estrous cycles by daily vaginal cytology throughout both studies.  We did not 

observe any differences in estrous cycle length between control and cycling diabetic 

mice.  Furthermore, when we counted ovarian follicles, there were no differences in the 

number of follicles of any type between control and cycling diabetic mice.  These data 

suggest that STZ does not directly negatively affect the ovaries of mice in a long term 

manner. 

To the best of our knowledge, no other study has monitored ovarian function in 

diabetic rodents using either daily vaginal cytology or follicle counts, therefore we are 

unable to compare these data with results from other studies.   

 

Impact of changes in reproductive hormones on blood glucose levels 

Following STZ injection blood glucose levels were significantly higher in post-

OF/diabetic mice than in cycling diabetic mice.  Post-OF/diabetic mice also had higher 

blood glucose than mice in which diabetes was induced during peri-ovarian failure.  
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These data suggest a continuing trend of increasing blood glucose as estrogen gradually 

decreases across the gradual transition into ovarian failure.   

STZ causes diabetes by destroying insulin-producing pancreatic β-cells via 

oxidative stress-induced apoptosis.  Recent data suggest that the presence of estrogen 

may protect β-cells from STZ-induced oxidative stress.  In multiple strains of mice 

treated with STZ, females had lower blood glucose levels than males (38).  Also, in a 

study in which STZ was used to induce diabetes in ovariectomized rats, estradiol-treated 

ovariectomized rats had significantly lower blood glucose than those untreated with 

estradiol.  The authors speculated that estrogen may attenuate STZ-induced destruction of 

pancreatic β-cells by decreasing inflammation (106) and thus may contribute to lower 

blood glucose levels in estrogen-treated rats.  More recently, an in vitro study using STZ 

on primary cultures of pancreatic β-cells demonstrated that estrogen protects β-cells from 

oxidative stress-induced apoptosis (64).  

To determine if ovarian failure affected insulin production, we measured insulin 

in serum collected at sacrifice.  Insulin levels were very low in control and non-diabetic 

post-OF mice, and there was no difference in insulin levels between control and non-

diabetic post-OF mice.  The serum used in this assay was collected from 4-hour fasted 

mice, therefore it is expected that insulin levels would be very low in the non-diabetic 

mice.  It is possible that the 4-hour fast masked a difference in post-prandial insulin levels 

between control and post-OF mice.   
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Weight gain in post-OF mice 

We observed a significant increase in body weight in non-diabetic post-OF mice 

compared to control mice in the Menopausal Study.  These results are similar to what is 

seen in humans; following menopause women tend to gain weight and body fat (37).  

Some studies which have used the ovariectomy model of menopause have observed a 

similar increase in body weight in ovariectomized animals compared to intact animals 

(24, 136),  however not all studies find this difference (25, 52). 

It is possible that the increase in weight gain we observed in post-OF mice 

compared to control mice was not due to changes in estrogen levels.  The VCD model of 

menopause preserves the androgen-producing function of the post-ovarian failure ovaries 

(80); thus the increased weight gain we observed may be due to differences in androgen 

levels or differences in the estrogen/androgen ratio as opposed to direct actions of 

estrogen alone.   

 

Conclusions 

As more women develop diabetes at younger ages, the number of women with 

diabetes at the time of the menopausal transition will increase, as will the number of post-

menopausal women with diabetes.  Here we introduce a new model for studying the 

impact of the menopausal transition on the development of diabetes.  We show that the 

VCD model of menopause can successfully be combined with the STZ model of type 1 

diabetes in mice.  Furthermore, we demonstrate that the combination of the two models 

leads to results similar to what is observed with the ovariectomy model of menopause and 
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diabetes.  These data highlight the utility of the VCD model of menopause, as it provides 

a physiologically relevant system for determining the impact of changes in reproductive 

hormone levels on diabetes and its complications across the menopausal transition. 
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CHAPTER 3: DIABETIC KIDNEY DAMAGE IN POST-OVARIAN FAILURE MICE 

 

INTRODUCTION 

The impact of the changes in hormone levels which occur at menopause on 

diabetic renal disease is unclear.  Several studies in type 1 diabetic humans demonstrate a 

decreased incidence of diabetic renal disease in women, but others have found no 

difference between men and women (119).  Studies in animal models mostly show a 

positive effect of estrogen on diabetic kidney disease.  In rats made diabetic by 

streptozotocin (STZ) injection, estrogen replacement reduced urine albumin excretion, 

the degree of glomerulosclerosis, and the degree of tubulointerstitial fibrosis (23,73,106).  

In db/db mice, a model of type 2 diabetes, ovariectomy tended to increase urine albumin 

excretion, while estrogen replacement reduced urine albumin excretion and the degree of 

glomerulosclerosis to levels below those seen in intact db/db mice (14).   

Not all animal studies find that estrogen is protective against diabetic kidney 

disease.  In one study of obese Zucker rats, ovariectomy had no effect on the 

development of kidney disease as measured by urine albumin excretion and the degree of 

glomerulosclerosis, and ovariectomized rats treated with estrogen had higher levels of 

urine albumin excretion and glomerulosclerosis than untreated rats (31,124).   

To determine if the changes in reproductive hormone levels which occur with 

ovarian failure in mice affect the development of diabetic kidney damage, we combined 

the VCD model of menopause with the streptozotocin model of type 1 diabetes in mice 

and assessed diabetes-induced kidney damage.  In mice in which diabetes is induced with 
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a low dose of STZ (40-50 mg/kg body weight for 5 days) some early signs of kidney 

damage are apparent after 5 weeks of diabetes, while more pronounced kidney damage, 

including glomerulosclerosis, does not develop until after 15-30 weeks of diabetes (5).  In 

this study in which we used a low dose of STZ to induce diabetes, we wanted to examine 

early effects of diabetes on the kidney, therefore mice were maintained in a diabetic state 

for 6 weeks prior to sacrifice.  We hypothesized that ovarian failure would exacerbate 

diabetic kidney damage, and the data presented here support this hypothesis.   

 

MATERIALS AND METHODS 

Animals:  Female  B6C3F1 mice were used in this study.  Ovarian failure and diabetes 

were induced with 4-vinylcyclohexene diepoxide (VCD) and streptozotocin (STZ), 

respectively, as previously in the Menopausal Study, and mice were maintained and 

treated in the same manner, as described in Chapter 2.  Conversion to diabetes in 

response to STZ injection was defined as having a 4-hour fasted blood glucose level ≥200 

mg/dL at sacrifice. 

 

Immunohistochemistry and PAS staining:  Kidneys were fixed in 4% paraformaldehyde 

overnight, embedded in paraffin, and sectioned (4 μm) by the University of Arizona 

Pathology Laboratory.  Periodic-acid Schiff (PAS) stained sections were stained by the 

University of Arizona Pathology Laboratory.   

For immunohistochemistry, sections were deparaffinized with xylene and 

rehydrated in graded ethanol.  Endogenous horseradish peroxidase activity was blocked 
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with 0.3% H2O2 in methanol for 30 min.   Antigen retrieval was performed by boiling 

sections in 10 mM citrate buffer for 10 min.  Nonspecific binding was blocked with either 

10% goat serum in 2% BSA in PBS (for α-SMA staining) or with 5% goat serum in 1% 

BSA in TBS with 0.2% Tween 20 (for PCNA staining).  Sections were incubated at 4°C 

overnight with primary antibody followed by appropriate secondary antibody (for α-

SMA: HRP α-mouse for 60 min at room temperature; for PCNA: biotin α-goat for 30 min 

at 37°C, followed by HRP-streptavidin for 30 min at 37°C).  Labeling was visualized 

with chromogen diaminobenzidine (DAB), and sections were counterstained with 

hematoxylin.  Sections were dehydrated in a reverse series of graded ethanol, and then 

coverslips were mounted with Permount mounting solution or Histomount mounting 

solution.   

 For quantification of PCNA immunohistochemistry, one section per animal was 

stained, then positively stained nuclei were counted as a proportion of total nuclei within 

each of 5 non-overlapping fields of view for each section.  Each field of view contained 

approximately 200 cells for a total of approximately 1,000 nuclei per animal.   

 

Protein isolation:  The protocol for protein isolation from kidneys has been previously 

published (7).  Kidneys were separated into cortex and medulla, and the cortex was 

homogenized in 3 mL of ice-cold isolation solution (250 mM sucrose and 10 mM 

triethanolamine, pH 7.6, containing 1 μg/mL leupeptin and 0.1 mg/mL 

phenylmethylsulfonyl fluoride) using a tissue homogenizer (Omni 1000 fitted with a 

micro-sawtooth generator) at ¾ maximum speed for three 20-second intervals.  Total 
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protein concentrations were measured using the Pierce brand bicinchoninic acid kit 

(Fisher, PI23227), and samples were solubilized in Laemmli sample buffer at 60°C for 12 

minutes.  

 

Western Blot:  Semiquantitative immunoblotting was carried out as described previously 

(8).  To confirm that protein loading of the gels was equal, preliminary 12% 

polyacrylamide gels were stained with Coomassie blue (Invitrogen, LC6025).  Images of 

gels were taken using the Bio-Rad Universal Hood II, and densitometry was performed 

on representative bands to ensure equal loading (<10% variation relative to the mean) 

using Quantity One software.  For Western blot, proteins were separated on 12% 

polyacrylamide gels by SDS-PAGE and transferred to PVDF (2 μm pores) membrane 

electropheretically using the Bio-Rad Mini Trans-Blot Cell (Bio Rad, Hercules, CA).  

Membranes were blocked with Odyssey Blocking Buffer for 1 hour at room temperature, 

then probed overnight at 4°C with the respective primary antibodies diluted in Odyssey 

Blocking Buffer with 0.2% Tween 20.  The following day,  membranes were washed and 

exposed to secondary antibodies for 1 hour at room temperature.  Bands were visualized 

via the fluorescent tag on the secondary antibodies using a LI-COR Odyssey Imager and 

Odyssey version 2.1 software.  The fluorescence intensities of individual bands were 

determined using the Odyssey version 2.1 software.  To facilitate comparisons, intensity 

values were normalized such that the mean value of the diabetic group is defined as 

100%.   
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Glomerular Area Measurements:  Digital images were taken of PAS stained sections 

using an Axiovert 200M microscope at 200X magnification and Axiovision Rel. vs. 4.6 

software.  The minimal convex polygon surrounding the glomerular capillary tuft was 

outlined and measured using Image J software by an investigator masked to the identity 

of the sections.  Images were taken from one section per animal.  12 fields of view for a 

total of 15-25 glomeruli per section were imaged for each of the Menopausal Study 

animals.  15 fields of view for a total of 35-45 glomeruli per section were imaged for 

each of the Study 3 animals.  The mean glomerular area for each treatment group was 

calculated by averaging all of the individual measurements of glomerular area for all 

animals in a treatment group. 

 

Glomerulosclerosis Index:  PAS stained sections were examined with an Olympus IX70 

microscope at 400X magnification.  One section per animal was used, and 80 glomeruli 

per section were scored for degree of glomerulosclerosis using a semi-quantitative 

scoring method as previously described (77,111).  Briefly, a score of 0 was assigned to 

normal glomeruli, a score of 1 indicated sclerotic area up to 25% of the total area of the 

glomerulus, 2 indicated sclerotic area comprising 25-50% of the glomerular area, 3 

indicated 50-75% sclerotic area, and 4 indicated >75% sclerotic area.  The 

glomerulosclerosis index (GSI) was calculated using the following formula:  GSI=[(1 x 

N1) + (2 x N2) + (3 x N3) + (4xN4)] / (N0+N1+N2+N3+N4), where Nx is the number of 

glomeruli with each score for a given section.  An observer masked to the identity of the 

sections performed the analysis.   
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Albuminuria Measurement:  Mice were placed in metabolic cages 3 and 5 weeks after 

STZ dosing.  Cages were kept in a room where temperature and light schedule were the 

same as in the normal animal facilities.  Mice were kept in metabolic cages for an initial 

24 hour adaptation period followed by a 24 hour period during which food and water 

intake and urine output were measured.  Mice were given free access to food and water 

for the entire study period.  Mice were returned to their normal cages for at least 1 week 

prior to sacrifice.  Total 24-hour urine was collected, then spun in microcentrifuge tubes 

at 13,200 rpm for 1 min to pellet any contaminating particles.  The urine was then 

pipetted off the particle pellet and stored at -20°C.  Albuminuria was measured using the 

Albuwell Murine Microalbuminuria ELISA (Exocell, 1011) according to the 

manufacturer’s protocol.  The rate of urine albumin excretion was calculated from the 

urine albumin concentration and the volume of urine output over 24 hours. 

 

Antibodies:  Proliferating cell nuclear antigen (PCNA) primary antibody (SC-25280) was 

purchased from Santa Cruz Biotechnology.  α-Smooth muscle actin (α-SMA) primary 

antibody (MS-113-P, clone 1A4) was purchased from Neomarkers.  HRP-streptavidin 

(43-4323) was purchased from Zymed.  HRP anti-mouse secondary antibody (7076) was 

purchased from Cell Signaling.   Biotin-conjugated α-mouse secondary antibody (81-

6740) was purchased from Zymed.  800 nm fluorescently tagged anti-mouse secondary 

antibody (927-32212) was purchased from LI-COR.   
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Reagents:  Chromogen diaminobenzidine (00-2014), hematoxylin (00-8011), and 

Histomount mounting solution (00-8030) were purchased from Zymed.  Odyssey 

Blocking Buffer (927-40000) was purchased from LI-COR.  Coomassie blue (LC6025) 

was purchased from Invitrogen.  Goat serum (G9023), VCD (V3630), and STZ (S0130) 

were purchased from Sigma Aldrich.  Permount mounting solution (SP15-100) was 

purchased from Fisher Scientific.   

    

Statistics:  Data were analyzed using Student’s t-test or one-way ANOVA followed by 

Student-Neumann Keuls post-hoc test to identify differences between groups.  The 

Student’s t-test was used to compare two samples, and the ANOVA followed by post-hoc 

test was used to compare multiple samples.  In all tests, P<0.05 was considered 

significant.  Results are presented as mean ± standard error (SEM). 

 

RESULTS 

The first set of results presented in this chapter are from experiments done in 

kidney sections from the mice described in the Menopausal Study in Chapter 2. 

Renal cell proliferation and glomerular hypertrophy are early complications of 

diabetes in mice (71,91,88,142).  Therefore, to assess the development of diabetic kidney 

damage, we measured cell proliferation and glomerular area. 
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Cell Proliferation – Expression of PCNA in the Menopausal Study 

Proliferating cell nuclear antigen (PCNA) is a DNA polymerase-associated 

protein expressed in the nuclei of proliferating cells (148).  Immunohistochemistry using 

an antibody raised against PCNA can be used to visualize expression of PCNA, and 

quantification of the number of PCNA-expressing nuclei can be used as a measure of 

cellular proliferation within a tissue.  Therefore, we performed PCNA 

immunohistochemistry on kidney tissue sections from mice in the Menopausal Study to 

determine if there were differences in cellular proliferation between any of the treatment 

groups.   

Representative images of PCNA immunohistochemistry are shown in Figure 

3.1A.  As shown in Figure 3.1B, there were significantly more PCNA-positive cells in the 

kidney cortex of cycling diabetic mice than in control mice (control – 0.40 ± 0.14 vs. 

diabetic - 3.81 ± 0.79% PCNA-positive nuclei, P<0.05) .  In addition, there was a further 

significant increase in the number of PCNA-positive cells in the cortex of post-

OF/diabetic mice compared to cycling diabetic mice (diabetic – 3.81 ± 0.79 vs. post-

OF/diabetic - 8.82 ± 0.74% PCNA-positive nuclei, P<0.05).  PCNA staining was seen 

primarily in tubular, not glomerular cells and was not seen in the medulla of any 

treatment group.  There was no difference in the number of proliferating nuclei in control 

compared to non-diabetic post-OF mice (0.40 ± 0.14 vs. 0.63 ± 0.11% PCNA-positive 

nuclei, P>0.05). 
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Glomerular Area in the Menopausal Study 

Glomerular area was measured, and hypertrophy was used as an indicator of 

kidney damage.  As shown in Figure 3.2, there was no significant difference in 

glomerular area between any of the groups of mice.  Glomerular area was increased in 

cycling diabetic mice compared to control mice, however this difference was not 

significant (control - 2242 ± 102 vs. diabetic - 2466 ± 70 μm2, P=0.07).  Post-OF/diabetic 

mice had significantly increased glomerular area compared to control mice (control - 

2242 ± 102 vs. post-OF/diabetic - 2700 ± 134 μm2, P<0.05), however there was no 

significant difference in between cycling diabetic and post-OF/diabetic mice.  There was 

no significant difference in glomerular area between control and non-diabetic post-OF 

mice (2270 ± 127 vs. 2500 ± 92 μm2, P>0.05).    

The data presented in this section demonstrate that in our study, renal cell 

proliferation is increased in post-OF/diabetic mice compared to cycling diabetic mice.  

The PCNA immunohistochemistry was done in sections from mice from the Menopausal 

Study in Chapter 2.  In these mice, blood glucose levels were significantly higher in post-

OF/diabetic mice than in cycling diabetic mice.  Thus, it is possible that the increase in 

the number of proliferating cells in post-OF/diabetic compared to cycling diabetic mice 

was due to the increase in blood glucose levels as opposed to changes in hormone levels.   

While we did not observe a significant increase in glomerular area between post-

OF/diabetic and cycling diabetic mice, it is probable that six weeks of diabetes is not long 

enough to observe an impact of changes in levels of reproductive hormones on 

glomerular area.  If mice were maintained in a diabetic state for longer, it is likely we 
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would observe a significant increase in glomerular area in post-OF/diabetic mice 

compared to cycling diabetic mice.  This hypothesis is supported by the observation that 

we did not observe an increase in glomerular area in cycling diabetic mice compared to 

control mice, even though increased glomerular area at later time points of diabetes is an 

established marker of kidney damage.   
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Figure 3.1 – PCNA immunohistochemistry in Menopausal Study. A) Representative 
sections from kidney cortex demonstrating PCNA staining (in red); nuclear counterstain 
with hematoxylin  (blue).  a: Control, b: Post-OF, c: Diabetic, d: Post-OF/Diabetic.  
Magnification: 400X.  B) Quantification of PCNA staining presenting PCNA-positive 
nuclei as a percentage of total nuclei.  PCNA-positive nuclei and total nuclei were 
counted in 5 non-overlapping fields of view for each section.  N=3 animals in each 
treatment group.  Results are presented as mean ± SEM.  Significant difference 
determined by Student Neumann-Keuls post-hoc test following one-way ANOVA.  OF - 
ovarian failure.   
A version of this figure was previously published in Keck M, Romero-Aleshire MJ, Cai 
Q, Hoyer PB, and Brooks HL.  Am J Physiol Renal Physiol 293(1): F193-F199, 2007. 
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Figure 3.2 – Glomerular area in Menopausal Study.  The areas of glomeruli in 12 fields 
of view at 200X magnification for a total of 15-25 glomeruli per section were measured.  
N=3 animals in each treatment group.  Results are presented as mean ± SEM.  Significant 
difference determined by Student Neumann-Keuls post-hoc test following one-way 
ANOVA.  OF – ovarian failure. 
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α-Smooth muscle actin immunohistochemistry in the Menopausal Study 

In the non-diseased kidney, α-smooth muscle actin (α-SMA) expression is 

confined primarily to blood vessels.  However, in diabetic kidneys expression of α-SMA 

is increased in mesangial cells as these cells proliferate and undergo a phenotypic change 

(17,135,143,147) and there is an increase in interstitial expression of α-SMA as the 

number of interstitial myofibroblasts increases (27,113,147).  Glomerular α-SMA 

expression is correlated with the degree of glomerulosclerosis, and interstitial α-SMA 

expression is correlated with the degree of interstitial fibrosis and urine protein excretion 

in type 2 diabetic patients (147).   Thus, α-SMA expression is considered indicative of 

kidney damage (27).  Therefore, we measured α-SMA expression by 

immunohistochemistry as an indicator of early diabetic kidney damage.   

Representative sections of α-SMA immunohistochemistry are shown in Figure 

3.3.  Very little α-SMA immunostaining was observed outside of blood vessels in 

sections from control mice; the same was true for non-diabetic post-OF mice.  In cycling 

diabetic mice α-SMA expression was observed in the interstitium of the cortex, indicating 

an increase in the presence of interstitial myofibroblasts.  α-SMA staining was rarely 

observed in glomeruli from cycling diabetic mice.  In post-OF/diabetic mice, the 

frequency at which α-SMA expression was observed in the interstitium of the cortex was 

increased compared to cycling diabetic mice, and α-SMA expression was also 

occasionally present in the glomeruli.    

The main location of α-SMA expression in both non-diabetic and diabetic kidneys 

is blood vessels, while the pathological expression of α-SMA in the diabetic kidney is 
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located in glomeruli and the interstitial space.  The data presented here show glomerular 

expression of α-SMA in post-OF/diabetic mice but not in cycling diabetic mice and 

suggest increased interstitial expression of α-SMA in post-OF/diabetic mice compared to 

cycling diabetic mice.   These data support the hypothesis that diabetic kidney damage is 

more severe in post-OF/diabetic mice compared to cycling diabetic mice. 
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Figure 3.3 – α-SMA protein expression in Menopausal Study.  Representative images of 
α-SMA immunohistochemistry.  Asterisk – positive staining in blood vessels, arrows – 
positive interstitial staining, arrowhead – positive glomerular staining.  Magnification: 
400X.  Similar results were obtained in a total of three sets of sections (N=3 animals per 
treatment group). 
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Glomerulosclerosis in the Menopausal Study 

As a measure of more advanced diabetic kidney damage, we quantified the degree 

of glomerulosclerosis which developed in the kidneys of our mice.  The 

glomerulosclerosis index is a semi-quantitative scale used for measuring the degree of 

glomerulosclerosis.  Glomeruli are scored on a scale from 0-4, with a score of 0 assigned 

to normal glomeruli and a scale of 4 assigned to completely sclerosed glomeruli.  The 

average score for all the glomeruli measured, including normal glomeruli with a score of 

0, is then calculated.  In our kidneys, most glomeruli received a score of 0, therefore even 

though we observed some partially sclerosed glomeruli the average scores for all 

glomeruli measured are less than 1.  The final glomerulosclerosis index values which we 

calculated for our control mice are consistent with those observed by other groups using 

the same method for calculating the glomerulosclerosis index (23,73). 

As shown in Figure 3.4, we did not observe any significant increases in 

glomerulosclerosis in STZ-injected mice compared to non-diabetic mice, and there was 

no difference between post-OF/diabetic mice and cycling diabetic mice (diabetic – 0.192 

vs. 0.041 vs. post-OF/diabetic – 0.196 ± 0.015, P>0.05).  These results were expected, as 

glomerulosclerosis typically takes longer than six weeks of diabetes to develop in mice  

(56,101,131).   

72



 

Figure 3.4 – Glomerulosclerosis index in Menopausal Study. The degree of 
glomerulosclerosis was measured using a semi-quantitative glomerulosclerosis index.  80 
glomeruli per animal were scored.  N=3 animals per treatment group.  OF – ovarian 
failure, GSI – glomerulosclerosis index. 
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Study 3:  Description of mice 

To further and more completely study the impact of changes in reproductive 

hormone levels on diabetic kidney damage, we generated another group of mice in which 

we combined the VCD model of menopause with the STZ model of type 1 diabetes.  

Mice were dosed with STZ to induce diabetes two weeks after entering complete ovarian 

failure and were sacrificed 6 weeks after STZ injection, as in the Menopausal Study 

presented in Chapter 2.  Mice in this study were older (~4 months) when dosed with 

VCD than the mice in the Menopause Study were.  From this point forward, this new 

group of animals will be referred to as Study 3 mice to differentiate them from the mice 

in the Menopausal Study. 

As in the Menopausal Study, in Study 3 blood glucose levels were higher in STZ-

injected mice compared to control and post-OF mice.  In contrast to what we observed in 

the Menopausal Study, in Study 3 there was no significant difference in blood glucose 

levels between cycling diabetic and post-OF/diabetic mice (348 ± 19 vs. 345 ± 14 mg/dL, 

P>0.05), as shown in Table 3.1.  In Study 3, two out of the seven post-OF/diabetic mice 

died or were euthanized prior to completion of the study, one 2 ½ weeks after STZ dosing 

and the other 3 ½ weeks after STZ dosing.   
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Table 3.1 - Physiological characteristics of Study 3 mice 

Treatment Group Blood Glucose (mg/dL) Body Weight (g) Number
Control 115 ± 9 36.4 ± 1.7 n=7

Post-OF   129 ± 10 35.3 ± 0.9 n=7

Diabetes    348 ± 19*   26.2 ± 0.6* n=5

Post-Of/Diabetes    345 ± 14*   24.8 ± 0.6* n=5
Physiological characteristics of mice used in the Study 3 at sacrifice.
Results are presented as mean ± SEM. *P<0.05 vs. control mice. OF -
ovarian failure.
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Glomerular Area in Study 3 

Glomerular area was measured in sections from mice in Study 3, and glomerular 

hypertrophy was used as an indicator of kidney damage.  As shown in Figure 3.5, there 

was a significant increase in glomerular area in both groups of diabetic mice compared to 

control mice (control – 2975 ± 78 vs. diabetic – 3470 ± 72; post-OF/diabetic – 3621 ± 79 

μm2, P<0.05).  Glomeruli area was increased in post-OF/diabetic mice compared to 

cycling diabetic mice, however this difference was not significant (diabetic – 3469 ± 108  

vs. post-OF/diabetic – 3632 ± 142  μm2, P=0.16).  There was no significant difference in 

glomerular area between control and non-diabetic post-OF mice (2975 ± 78 vs. 3140 ± 83 

μm2, P=0.15).    

These results differ slightly from the glomerular area measurements from mice in 

the Menopausal Study.  First, overall, glomeruli from Study 3 are larger than glomeruli 

from the Menopausal Study.  This is likely due to the increased age and overall size of 

the mice used in Study 3 compared to the mice used in the Menopausal Study.  The range 

of values in both studies are consistent with those found by others using similar 

techniques to measure glomerular area in mice (70,135). 

Second, in Study 3 there was a significant increase in glomerular area in both 

groups of diabetic mice compared to control mice, while in the Menopausal Study only 

post-OF/diabetic mice had significantly increased glomerular area compared to control 

mice.  This discrepancy between the two studies is likely due to the difference in the 

number of animals and the larger number of glomeruli measured in Study 3.  For the 

results from mice in the Menopausal Study, 3 animals per group were used, and 15-25 
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glomeruli were measured per animal.  In the results from Study 3, 5 animals per group 

were used, and 35-45 glomeruli per animal were measured.  It is probable that increasing 

the number of animals and the number of glomeruli measured per animal in the 

Menopausal Study would yield results more similar to those we observed in Study 3.  The 

trend towards an increase in glomerular area in cycling diabetic mice compared to control 

mice which we observed in the Menopausal Study supports this hypothesis.   
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Figure 3.5 - Glomerular area in Study 3.  The areas of glomeruli in 15 fields of view at 
200X magnification for a total of 35-45 glomeruli per section were measured.  N=5 
animals per treatment group.  Results are presented as mean ± SEM.  Significant 
difference determined by Student Neumann-Keuls post-hoc test following one-way 
ANOVA.  OF - ovarian failure. 
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α-Smooth muscle actin expression in Study 3 

We again measured α-SMA expression as an indicator of diabetic kidney damage.  

Representative images of α-SMA immunohistochemistry are shown in Figure 3.6A.  

Similar to what was observed in the sections from the Menopausal Study, in Study 3 very 

little α-SMA immunostaining was observed outside of the blood vessels in sections from 

control mice and non-diabetic post-OF mice.  In cycling diabetic mice α-SMA expression 

was observed in the interstitium of the cortex, indicating an increase in the presence of 

interstitial myofibroblasts, though the staining was not as frequent in Study 3 as in the 

Menopausal Study.  In post-OF/diabetic mice, α-SMA expression was observed in the 

interstitium of the cortex, though in contrast to the Menopausal Study, in Study 3 there 

was not an apparent difference in the degree of interstitial α-SMA expression in post-

OF/diabetic mice compared to cycling diabetic mice.  However, α-SMA expression was 

regularly observed in the glomeruli of post-OF/diabetic mice but rarely observed in 

glomeruli from cycling diabetic mice.    

A western blot, shown in Figure 3.6B was used to quantify α-SMA protein 

expression in the kidney cortex of post-OF/diabetic mice compared to cycling diabetic 

mice.  As shown in Figure 3.6C, there was no observable difference in the α-SMA 

protein expression between these two treatment groups (diabetic – 100 ± 6 vs. post-

OF/diabetic - 97 ± 3%, P>0.05). 

The main location of α-SMA expression in both non-diabetic and diabetic kidneys 

is in blood vessels, while the pathological expression of α-SMA in the diabetic kidney is 

located in glomeruli and the interstitial space.  It is likely that in the Western blot, the 
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high expression of α-SMA in blood vessels masked small differences in expression in the 

interstitial space and the glomeruli between cycling diabetic and post-OF/diabetic mice.  

The immunohistochemistry data, which show differences in the expression pattern of α-

SMA between these two treatment groups, supports this hypothesis.  

In general the results from the α-SMA immunohistochemistry experiments were 

similar in the sections between the Menopausal Study and Study 3.  In both studies we 

observed increased interstitial staining in sections from both diabetic groups compared to 

sections from control, and glomerular staining in post-OF/diabetic mice but not in cycling 

diabetic mice.  Interestingly, in the Menopausal Study interstitial staining was observed 

more frequently in post-OF/diabetic mice than in cycling diabetic mice, however this 

difference was much less apparent in Study 3.  In Study 3, the biggest difference between 

post-OF/diabetic mice and cycling diabetic mice was in the frequency of glomerular 

staining.   

In the Menopausal Study, there was a significant increase in blood glucose in  

post-OF/diabetic mice compared to cycling diabetic mice, but there was no difference in 

glucose levels between these two treatment groups in Study 3.  Thus a logical conclusion 

to draw from our data is that increased blood glucose drives the interstitial expression of 

α-SMA, while hormonal changes are responsible for the differences we observed in 

glomerular expression.  Further study is needed to confirm this speculation and to clarify 

the different roles of hyperglycemia and hormonal changes in the regulation of α-SMA 

expression in the diabetic kidney. 
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Figure 3.6 – α-SMA protein expression in 
Study 3.  A) Representative images of α-
SMA immunohistochemistry.  Asterisk – 
positive staining in blood vessels, arrows – 
positive interstitial staining, arrowheads – 
positive glomerular staining.  
Magnification: 400X  Similar results were 
obtained in sections from 5 sets of animals 
(N=5 animals per treatment group) B) 
Western blot comparing α-SMA protein 
expression in cycling diabetic and post-
OF/diabetic mice.  C) Quantification of α-
SMA Western blot result, normalized to 
diabetic value.  OF – ovarian failure. 
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Glomerulosclerosis in Study 3 

We measured the degree of glomerulosclerosis in Study 3 as a further indicator of 

diabetic kidney damage.  As shown in Figure 3.7, there was a trend toward an increase in 

the glomerulosclerosis index in post-OF/diabetic mice compared to cycling diabetic mice 

(diabetic – 0.170 ± 0.026 vs. post-OF/diabetic – 0.223 ± 0.021, P=0.15), however this 

trend did not reach significance.  There were no significant differences in the 

glomerulosclerosis index between any of the treatment groups. 

As discussed above, mice do not typically develop glomerulosclerosis or 

mesangial matrix expansion within 6 weeks of STZ injection.  Therefore, the results from 

Study 3, in which there are no differences in the degree of glomerulosclerosis in any of 

the treatment groups, are expected.  We hypothesize that if mice were maintained in a 

diabetic state for longer glomerulosclerosis would develop in all diabetic mice and would 

be more severe in post-OF/diabetic mice than in cycling diabetic mice. 
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Figure 3.7 – Glomerulosclerosis index in Study 3.  The degree of glomerulosclerosis was 
measured using a semi-quantitative glomerulosclerosis index.  80 glomeruli per animal 
were scored.  N=5 animals per treatment group.  OF – ovarian failure 
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Albuminuria 

Normal healthy kidneys filter minimal amounts of protein into the urine, however 

as the filtration barrier breaks down with diabetic kidney damage albumin begins to 

appear in the urine.  Thus, the presence of albumin in the urine (urinary albumin 

excretion or albuminuria) is commonly used as a marker to assess the development of 

diabetic kidney damage in mice (5).   

The Animal Models of Diabetic Complications Consortium (AMDCC) has 

adopted measurement of albumin in a urine sampled collected continuously over 24 hours 

as the standard for assessing albuminuria in diabetic mice (5).  Using this method 

albumin excretion levels between 10-15 μg/day are common for control mice, and levels 

between approximately 60 and 200 μg/day are seen for mice with diabetes induced by 

low-dose STZ-injection depending on how long mice are diabetic, the level of 

hyperglycemia, and the mouse strain used (5,101). 

To determine if the changes in levels of reproductive hormones with ovarian 

failure affected the development of diabetes-induced albuminuria in Study 3, 24-hour 

urine was collected from mice in metabolic cages after three and five weeks of diabetes.  

Both groups of STZ-injected mice exhibited significant increases in urinary albumin 

excretion compared to control mice after three weeks of diabetes, as shown in Figure 3.8.  

There was no significant difference in the amount of albuminuria between cycling 

diabetic and post-OF/diabetic mice at this time point (93 ± 12 vs. 114 ± 22 μg/day, 

P>0.05).   
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After 2 more weeks of diabetes (5 weeks following STZ injection), albuminuria in 

post-OF/diabetic mice was significantly increased compared to the 3 week time point (3 

weeks – 114 ± 22 vs. 5 weeks 222 ± 44 μg/day, P>0.05), as shown in Figure 3.8.  Urinary 

albumin excretion increased non-significantly in cycling diabetic mice, such that there 

was no significant difference between urinary albumin excretion at 3 and 5 weeks of 

diabetes in cycling diabetic mice (3 weeks – 93 ± 12 vs. 5 weeks – 122 ± 11 μg/day, 

P>0.05).  The increase in albumin excretion was greater in post-OF/diabetic mice than in 

cycling diabetic mice, such that after 5 weeks of diabetes, post-OF/diabetic mice had 

significantly higher urinary albumin excretion than cycling diabetic mice (diabetic – 122 

± 11 vs. post-OF/diabetic – 222 ± 44 μg/day, P<0.05).  At both time points, albumin 

excretion in control mice was minimal and was less than the 25 μg/day used to define 

beginning kidney damage.    

The rate of urinary albumin excretion observed in control mice was within the 

normal range expected for mice, 10-15 μg/day (5).  The rate of urinary albumin excretion 

observed in cycling diabetic mice at after five weeks of diabetes, 122 μg/day, is similar to 

what others have observed at the same time point in mice dosed with STZ (38,133).   

These data provide evidence that kidney function deteriorates more quickly in 

post-OF/diabetic mice than in cycling diabetic mice, and further support out hypothesis 

that changes in ovarian failure exacerbates diabetic kidney damage. 
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Figure 3.8 – Urine Albumin Excretion in Study 3.  Albuminuria was measured 3 and 5 
weeks after STZ injection.  Mice were housed in individual metabolic cages and urine 
was collected for 24 hours.  Urinary albumin concentrations were measured using a 
mouse albumin ELISA.  N=5-7 animals per treatment group per timepoint.  Results are 
presented as mean ± SEM.  Significant difference determined by Student’s t-test.  
*P<0.05 vs. Diabetic at the same time point; #P<0.05 vs. Post-OF/Diabetic at 3 weeks. 
 

86



Food and water intake and urine output 

In order to collect the urine used for measurement of urine albumin excretion, 

mice from Study 3 were placed in individual metabolic cages 3 weeks and 5 weeks after 

STZ injection.  24 hour food and water intake and urine output were also measured for all 

mice.  There were no differences in food or water intake or urine output between control 

and non-diabetic post-OF mice or between cycling diabetic and post-OF/diabetic mice, as 

shown in Table 3.2.  Cycling diabetic and post-OF/diabetic mice tended to eat more food 

than control and post-OF mice.  At the 3 week time point, cycling diabetic mice ate 

significantly more food than control mice, however when the amount of food eaten was 

normalized for body weight there was no significant difference in food intake between 

cycling diabetic and control mice.  Cycling diabetic and post-OF/diabetic mice drank 

significantly more water and had significantly higher urine output than control and post-

OF mice at both time points, as shown in Table 3.2.  While post-OF/diabetic mice tended 

to drink more water and have higher urine output than cycling diabetic mice, these 

differences were not significant.   

The increases in water intake and urine output in diabetic mice were anticipated 

and are a direct consequence of high blood glucose levels.  Glucose is freely filtered into 

the urine by the glomerulus and is then reabsorbed by the proximal tubules.  The high 

glucose in the blood of diabetic animals exceeds the ability of the proximal tubules to 

reabsorb glucose, and the glucose remains in the urine.  Glucose is an osmolyte and thus 

serves to prevent water reabsorption by the kidneys.  This increases urine excretion rates 

and subsequently increases an animal’s need for water intake.  Because post-OF/diabetic 
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and cycling diabetic mice did not have significantly different blood glucose levels, it is 

expected that there would be no difference in the amount of water drunk or urine excreted 

between these two groups.  
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Table 3.2 - Metabolic parameters for Study 3 mice

Food Intake (g) Water Intake (mL) Urine Volume (mL)
3 week timepoint: 

Control 2.4 ± 0.3 4.4 ± 1.1 1.2 ± 0.3

Post-OF 2.8 ± 0.5 4.9 ± 0.3 1.3 ± 0.4

Diabetic  4.6 ± 0.1* 20.2 ± 1.3*  15.5 ± 1.9*

Post-OF/Diabetic 3.9 ± 0.9 26.4 ± 0.9*  19.3 ± 3.2*

5 week timepoint:
Control 3.5 ± 0.6 5.9 ± 0.5 0.9 ± 0.2

Post-OF 4.1 ± 0.8 4.6 ± 0.4 0.6 ± 0.1

Diabetic   7.7 ± 1.3* 32.6 ± 2.0*#  23.5 ± 2.0*#

Post-OF/Diabetic  6.9 ± 1.1* 38.0 ± 3.5*# 26.6 ± 3.7*
Food and water intake and urine output were measured over a 24 hour period using
individual metabolic cages for mice in Study 3. N=5-7 animals per treatment group.
Results are presented as mean ± SEM. *P<0.05 vs control at same time point,
#P<0.05 vs. same group at 3 week time point.
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DISCUSSION 

The goal of the current study was to determine if the changes in hormone levels 

which occur with ovarian failure in mice affect the development and progression of 

diabetic kidney damage.  We examined early changes in the kidney, after just six weeks 

of STZ-induced diabetes.  We used mice from two different studies for these 

experiments.  In the first set of results presented, mice were from the Menopausal Study 

described in Chapter 2.  In these mice, there was a significant increase in blood glucose 

levels in post-OF/diabetic mice compared to cycling diabetic mice.  We repeated some of 

the same experiments and also did other experiments in a second set of mice from a study 

we termed Study 3.  In these mice, there was no difference in blood glucose levels 

between the cycling diabetic and post-OF/diabetic mice.  The mice in Study 3 were also 

approximately 3 months older at the time of STZ injection than the mice in the 

Menopausal Study.  Therefore we cannot rule out the possibility that some of the 

differences we observed between these two studies are the result of the age difference in 

the mice. 

 

Cell proliferation and glomerular hypertrophy 

Kidney cell proliferation and glomerular hypertrophy are common in early 

diabetic kidney disease (71,91,88,142).  We used expression of proliferating cell nuclear 

antigen (PCNA) protein to quantify cellular proliferation in mice from the Menopausal 

Study.  We found an increase in the percentage of proliferating cells in cycling diabetic 

mice compared to control mice and an even further significant increase in post-
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OF/diabetic mice compared to cycling diabetic mice.  To the best of our knowledge, no 

other group has examined the effect of hormonal changes on kidney cell proliferation in 

early diabetes.   

We also measured glomerular area in PAS-stained sections from both the 

Menopausal Study and from Study 3.  In sections from Study 3, we found a significant 

increase in glomerular area in both groups of STZ-injected mice compared to control 

mice.  We also observed a non-significant trend toward a further increase in glomerular 

area in post-OF/diabetic mice compared to cycling diabetic mice.   

To the best of our knowledge, no one has studied glomerular area in diabetic mice 

with some model of menopause.  However, in non-diabetic glomerulosclerosis-prone 

mice, ovariectomy was associated with an increase in glomerular area (25), and 

glomerular volume was increased in old mice which had naturally entered ovarian failure 

compared to young cycling mice (151).  These data suggest that ovarian failure may 

exacerbate the diabetes-induced increase in glomerular area.   

Data from our study do not fully support or contradict our hypothesis that the 

changes in levels of reproductive hormones which occur with ovarian failure affect the 

degree of glomerular hypertrophy and cellular proliferation.  While the PCNA 

immunohistochemistry data support this hypothesis, the sections used in this study were 

from mice from the Menopausal Study, thus the increase in PCNA expression in post-

OF/diabetic mice could be due to increased glucose levels, not hormonal changes.  While 

we were not able to decisively demonstrate that changes in hormone levels exacerbate the 

diabetes-induced increase in glomerular hypertrophy, the trends we observed lead us to 
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hypothesize that if mice were maintained in a diabetic state for longer, post-OF/diabetic 

mice would develop a significant increase in this parameter compared to cycling diabetic 

mice. 

 

α-Smooth muscle actin protein expression 

Another early marker of diabetic kidney damage is increased expression of α-

smooth muscle actin (α-SMA) in the interstitial space of the kidney cortex and in 

glomeruli (17,27,113,135,143).  We studied α-SMA expression by 

immunohistochemistry in both the Menopausal Study and in Study 3.  We found that α-

SMA expression is present in the interstitial space after just six weeks of diabetes in 

kidneys from cycling diabetic mice.  Furthermore, we demonstrated that in kidneys from 

post-OF/diabetic mice, α-SMA expression is also regularly observed in glomeruli at the 

same time point.  These data suggest that diabetic kidney damage is more severe in post-

OF/diabetic mice than in cycling diabetic mice.   

No other studies which have utilized combined models of menopause and 

diabetes have studied α-SMA expression, therefore it is difficult to compare our study 

with others.  However, in a study of juvenile male diabetic rats, renal α-SMA expression 

increased in response to testosterone treatment (126), suggesting androgens negatively 

affect α-SMA expression in the diabetic kidney.  Since the VCD model of menopause 

preserves the androgen-producing function of the post-ovarian failure ovaries (80), these 

data suggest that changes in androgen levels or the androgen/estrogen ratio may lead to 

the increase in α-SMA expression we observed in post-OF/diabetic mice compared to 
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cycling diabetic mice.  Also, in a study of lung tissue α-SMA expression was used as a 

marker of fibroblast differentiation leading to airway fibrosis.  Ovariectomy in mice led 

to an increase in α-SMA expression in lung tissue, and this increase was partially 

attenuated by estrogen treatment (66).  These data support our findings that changes in 

hormone levels can affect pathological expression of α-SMA.   

 

Glomerulosclerosis 

As a measure of more advanced diabetic kidney damage, we quantified the degree 

of glomerulosclerosis which developed in the kidneys of our mice.  We did not observe 

any significant increases in glomerulosclerosis in diabetic mice compared to non-diabetic 

mice, and there was no difference between post-OF/diabetic mice and cycling diabetic 

mice in sections from either the Menopausal Study or Study 3.  These results were 

expected, as glomerulosclerosis typically takes longer than six weeks of diabetes to 

develop in mice (56,101,131).   

Previous studies which have combined models of menopause with diabetes in 

rodents support the hypothesis that over longer periods of diabetes, the changes in levels 

of reproductive hormones which occur with ovarian failure exacerbate 

glomerulosclerosis.  Ovariectomized rats with STZ-induced diabetes developed more 

severe glomerulosclerosis, and  estrogen replacement ameliorated this increase after 12 

weeks of diabetes and estrogen replacement (73) and after 8 weeks of estrogen 

replacement, which was started 9 weeks after STZ injection (23).  Thus it is probable that 

with a longer study period we would observe increases in the glomerulosclerosis index in 
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all diabetic mice compared to control mice and in post-OF/diabetic mice compared to 

cycling diabetic mice. 

 

Albuminuria 

As a final indicator of kidney damage, we measured the rate of urine albumin 

excretion in mice from Study 3.  We found that three weeks after STZ injection, all 

diabetic mice exhibited increase albuminuria compared to controls, however, there was 

no difference in the level of albuminuria between cycling diabetic and post-OF/diabetic 

mice.  Two weeks later, after five weeks of diabetes, post-OF/diabetic mice had 

significantly increased urine albumin excretion compared to the same treatment group at 

three weeks and had significantly higher urine albumin excretion than cycling diabetic 

mice.  The rate of urine albumin excretion increases as kidney damage progresses (129), 

therefore, these data support the hypothesis that diabetic kidney damage progresses more 

quickly in post-OF/diabetic mice than in cycling diabetic mice.  Furthermore, urine 

albumin excretion is a functional measure of kidney damage, therefore these data 

demonstrate that the differences in histopathological markers of early diabetic kidney 

damage which we observed in this study translate into differences in kidney function 

between cycling diabetic and post-OF/diabetic mice.  These data were obtained from 

mice in Study 3, in which there was no difference in blood glucose levels between 

cycling diabetic and post-OF/diabetic mice.  Therefore, the difference in albuminuria 

which we observed between these two treatment groups five weeks after STZ injection is 
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most likely due to differences in reproductive hormone levels, not to differences in blood 

glucose levels. 

To the best of our knowledge, no group has measured albumin excretion in mice 

which have STZ-induced diabetes in combination with ovarian failure.  Previous studies 

in rats have demonstrated a protective effect of estrogen against the development of 

diabetes-induced albuminuria.  In ovariectomized rats made diabetic by STZ injection, 

treatment with estrogen ameliorated urine albumin excretion as early as six weeks (106) 

and 12 weeks (73) after STZ injection and when estrogen treatment was started eight 

weeks after STZ injection (23).  Furthermore, in non-diabetic old mice which have 

naturally entered ovarian failure, urine albumin excretion was increased compared to 

young mice (151), and in non-diabetic glomerulosclerosis-prone mice, ovariectomy 

increased urine albumin excretion compared to intact mice (25).   

 

Conclusions 

In this chapter, we studied how the changes in reproductive hormone levels which 

occur with ovarian failure in mice affect the development and progression of diabetic 

kidney damage.  We have shown that several measures of early diabetic kidney damage 

are negatively impacted by ovarian failure, supporting our hypothesis that VCD-induced 

ovarian failure exacerbates diabetic kidney damage.  Our data are in good agreement with 

previous studies which have utilized other models of menopause in diabetic rodents.   
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CHAPTER 4: IDENTIFICATION OF GENES REGULATED BY OVARIAN 

FAILURE IN THE DIABETIC KIDNEY 

 

INTRODUCTION 

Diabetic nephropathy is associated with changes in the expression levels of many 

genes.  For example, in vitro, high blood glucose induces an increase in expression of 

transformation growth factor β (TGFβ) which in turn increases expression of collagens I 

and IV in glomerular mesangial cells (152), podocytes (45), proximal tubules (153), and 

kidney fibroblasts (57).  Similar results have been found in vivo in several animal models 

of diabetes (56,113,135).  The expression and activity of ECM-degrading enzymes, the 

matrix metalloproteinases (MMPs), is also decreased in the diabetic kidney (74,116).   

Estrogen may impact the expression of these genes.  Estrogen suppressed the 

synthesis of collagens I and IV in mesangial cells grown in culture (61,87,145),  likely by 

inhibiting TGFβ activity (65).  Estrogen also increased the expression and activity of 

MMP-9 in cultured mesangial cells (99,100), and MMP-2 activity was decreased in 

mesangial cells isolated from old acyclic mice compared to mesangial cells isolated from 

young cycling mice (28).   

 We have shown that ovarian failure impacts the development of diabetic kidney 

damage in mice.   We next wanted to identify changes in expression of genes in the 

kidney which may underlie the effects of ovarian failure which we have seen.  First, we 

used microarray, a technology which effectively scans tens of thousands of genes at once 

within a single sample to identify genes which have not previously been associated with 
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diabetic kidney damage.  Second, we performed real-time polymerase chain reaction 

(PCR) using primers to which have previously been implicated in the development of 

diabetic kidney damage and in mediating the effects of estrogen on diabetic kidney 

disease. 

Microarray is a relatively newer technology for studying changes in gene 

expression, though it is becoming increasingly common.  A microarray consists of a 

microscope slide, or chip, on which single-stranded cDNA probes for known genetic 

sequences are immobilized, or “spotted”.  mRNA is isolated from a sample of interest, 

usually amplified and converted into single-stranded cDNA, and labeled with a 

fluorescent dye.  The sample cDNA is then applied to the microarray chip, where it 

hybridizes to the immobilized probes.  The chip is then washed to remove unhybridized 

sample and scanned to detect the signal from the fluorescent dye attached to the 

hybridized cDNA.  The intensity of the fluorescent signal indicates the relative amount of 

cDNA which has hybridized to the chip, which in turn is proportional to the amount of 

mRNA transcript present in the original sample.  In our experiments, we hybridized two 

samples, each labeled with a different fluorescent dye, to the same chip.  The relative 

intensities of the two dyes at each “spot” or probe indicated which sample had higher 

expression of that particular gene.   

 

MATERIALS AND METHODS 

Animals:  The animals used in the current study have been previously described in 

Chapters 2 and 3.  All real-time PCR and microarray experiments were done using mice 
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from the Perimenopausal Study and Menopausal Study described in Chapter 2.  Western 

blot analysis was done using protein from mice from Study 3 described in Chapter 3. 

 

RNA isolation:  Kidneys were separated into cortex and medulla, and RNA was isolated 

from kidney cortex using the Qiagen RNeasy Mini Kit (74104) according to the 

manufacturer’s protocol for isolation from tissue.  DNA contamination was eliminated 

during the isolation procedure with a 15 min DNAse incubation (Qiagen, 79254).  RNA 

was quantified using a Nanodrop® ND1000 spectrophotometer (Wilmington, DE).  

 

Microarray experimental design: The hybridization schemes we used are based on the 

interwoven loop design, as described previously (54,81) and are shown in Figure 4.1.  

The goal of this design is to identify and isolate sources of experimental error inherent to 

microarray.  Each sample was hybridized four times, and each gene clone was spotted 

twice per array, so a total of eight independent measurements per gene per sample were 

obtained.  This allowed us to account for experimental variation between hybridizations.  

Two of the hybridizations for each sample were to other samples in the same treatment 

group, and this allowed us to account for inter-animal variation.  Finally, a “dye swap” 

was performed for each sample: i.e. each sample was hybridized twice with each dye.  

This allowed for isolation of “dye effects” wherein one dye may fluoresce with greater 

intensity or preferentially bind to a specific gene clone.   
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Microarray protocol:  Full methodology for RNA amplification, cDNA production, and 

microarray slide preparation, hybridization, and analysis has been previously published 

(81).  RNA was amplified using the MessageAmp kit (Ambion, 1750) according to the 

manufacturer’s protocol.  2.5 μg of total RNA from each individual mouse was used as a 

template for each amplification reaction.  Amplified RNA was then reverse transcribed to 

cDNA with amino allyl incorporation using the EndoFree RT kit (Ambion, 1740) 

according to the manufacturer’s protocol.  Amino allyl modified cDNA was purified 

using PCR purification columns (Qiagen, 28104) according to the manufacturer’s 

protocol.  The modified cDNA was labeled with Alexa dyes (Molecular Probes, A-

20002-546 and A-20006-647) via the free amine modification.   

Microarray slides for this study were prepared in the Genomics Research 

Laboratory at the University of Arizona using the NIA mouse 15K clone set 

(http://lgsun.grc.nia.nih.gov/cDNA/15k/html).  Full methodology for microarray 

production and hybridization protocols have been previously published (81).  Labeled 

modified cDNA in hybridization buffer was loaded onto a slide and set to hybridize at 

42°C for a minimum of 16 hours.  After completion, a short wash was run in the 

hybridization solution, after which the slide was removed and dipped in 0.1X SSC 

(Ambion, 9763) to remove any residual non-hybridized cDNA.  The slide was dried and 

analyzed using the arrayWORx CCD-based microarray scanner (Applied Precision, 

Issaquah, WA), capable of multi-channel fluorescence scanning. 

Microarray data were reduced and analyzed by CARMA, a custom designed 

software package for analysis of microarray (35).  CARMA controls for several sources 
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of error common to microarray, including photo-bleaching, low signal to noise ratio, and 

non-systemic sources of variability, including dust particles, array anomalies, and 

experimenter errors.  This allows for better isolation of real changes in gene expression 

between multiple samples.  To identify significant changes in gene expression between 

treatment groups, an ANOVA was performed on all genes which were measured on a 

minimum of 5 of the 8 opportunities for at least one sample.  (Each gene is spotted twice 

on the arrays, and each sample is hybridized to an array 4 times, for a total of 8 

opportunities to measure the expression of a gene within a single sample).  Genes were 

considered to be differentially expressed between cycling diabetic and post-OF/diabetic 

mice if the ANOVA P-value was <0.05.  Genes exhibiting less that a 1.5 fold change 

between the two experimental groups were excluded from future analysis.   

 

Real-time PCR: Real-time PCR was performed as previously described (81).  Briefly, 2.5 

μg of RNA were reverse transcribed with the MLV-Reverse Transcriptase enzyme, and 

the resulting cDNA was diluted 1:25 to an approximate final concentration of 8 ng/ul.  

Each real-time PCR reaction contained 5 μL SYBR Green master mix, 1 μL water, 2 μL 

diluted cDNA, and 5 pmol each of forward and reverse primer in a total volume of 10 μL.  

Each reaction was performed in triplicate at 95°C for 5 min; then 95°C for 15 sec and 

60°C for 30 sec for 40 cycles.  The RotorGene RG3000 (Corbett Research, San 

Francisco, CA) sequence detection system was used.  Primers were designed to the 3´ end 

of genes of interest using the Primer3 software (110).  Ct values were used to calculate 

the expression levels of genes of interest relative to the expression of β-actin mRNA, 
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measured in parallel samples.  Analysis was performed as described (68), and results are 

presented as mean fold change on a base 2 logarithmic scale. 

 

Protein isolation:  The protocol for protein isolation from kidneys has been previously 

published (7).  Kidneys were separated into cortex and medulla, and the cortex was 

homogenized in 3 mL of ice-cold isolation solution (250 mM sucrose and 10 mM 

triethanolamine, pH 7.6, containing 1 μg/mL leupeptin and 0.1 mg/mL 

phenylmethylsulfonyl fluoride) using a tissue homogenizer (Omni 1000 fitted with a 

micro-sawtooth generator) at ¾ maximum speed for three 20-second intervals.  Total 

protein concentrations were measured using the Pierce brand bicinchoninic acid kit 

(Fisher, PI23227), and samples were solubilized in Laemmli sample buffer at 60°C for 12 

minutes.  

 

Western Blot:  Semiquantitative immunoblotting was carried out as described previously 

(8).  To confirm that protein loading of the gels was equal, preliminary 12% 

polyacrylamide gels were stained with Coomassie blue (Invitrogen, LC6025).  Images of 

gels were taken using the Bio-Rad Universal Hood II, and densitometry was performed 

on representative bands to ensure equal loading (<10% variation relative to the mean) 

using Quantity One software.  Proteins were separated on 12% polyacrylamide gels by 

SDS-PAGE and the proteins were transferred to PVDF (2 μm pores) membrane 

electropheretically using the Bio-Rad Mini Trans-Blot Cell (Bio Rad, Hercules, CA).  

Membranes were blocked with Odyssey Blocking Buffer for 1 hour at room temperature, 
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then probed overnight at 4°C with the respective primary antibodies diluted in Odyssey 

Blocking Buffer with 0.2% Tween 20.  Membranes were washed and exposed to 

secondary antibodies for 1 hour at room temperature.  Bands were visualized via the 

fluorescent tag on the secondary antibodies using a LI-COR Odyssey Imager and 

Odyssey version 2.1 software.  The fluorescence intensities of individual bands were 

determined using the Odyssey version 2.1 software.  To facilitate comparisons, intensity 

values were normalized such that the mean value of the diabetic group is defined as 

100%.   

 

Antibodies:  Immediate early response gene-1 (IEX-1) primary antibody (HM1182) was 

purchased from Hypromatrix.  Midkine primary antibody (AF-258-PB) was purchased 

from R&D Systems.  800 nm fluorescently tagged anti-mouse secondary antibody (927-

32212) was purchased from LI-COR.  680 nm fluorescently tagged anti-goat secondary 

antibody (A-21109) was purchased from Invitrogen.   

 

Reagents:  Odyssey Blocking Buffer (927-40000) was purchased from LI-COR.  

Coomassie blue (LC6025) and MLV-Reverse Transcriptase enzyme (28025013) were 

purchased from Invitrogen.  SYBR Green Master Mix (600581) was purchased from 

Stratagene.  Alexa dyes for microarray studies (Molecular Probes, A-20002-546 and A-

20006-647) were purchased from Molecular Probes.  SCC solution (9763), MessageAmp 

kit (1750), and EndoFree kit (1740) were purchased from Ambion.  RNease Mini Kit 
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(74104), DNAse (79254), and PCR purification columns (28104) were purchased from 

Qiagen.   

    

Statistics:  Data were analyzed using Student’s t-test.  In all tests, P<0.05 was considered 

significant.  Results are presented as mean ± standard error (SEM). 

 

RESULTS 

Microarray experimental design  

The time point we studied – 6 weeks of diabetes – is a relatively short period for 

the development of overt diabetic kidney damage in mice.  We reasoned that it is possible 

that many genes previously unassociated with diabetic kidney damage exhibit changes in 

expression at early time points of diabetes.  Furthermore, we hypothesized that many 

genes which contribute to the impact of ovarian failure on diabetic kidney damage have 

not previously been identified.  Therefore, to identify genes which may be involved in the 

exacerbated development of early diabetic kidney damage in post-OF/diabetic mice 

compared to cycling diabetic mice, we performed microarray analysis using mRNA from 

kidney cortex of these mice.   

We performed two separate series of microarrays and the hybridization schemes 

are shown in Figure 4.1.  In the first we compared mRNA isolated from kidney cortex of 

cycling diabetic mice and post-OF/diabetic mice to identify genes whose expression is 

altered by changes in reproductive hormones in the context of diabetes.  In the second, 

we compared mRNA isolated from kidney cortex of control mice and post-OF mice to 
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identify genes whose expression is altered by changes in reproductive hormones absent 

the context of diabetes.  The combined set of genes from the two sets of arrays represent 

genes whose expression is altered by the combination of ovarian failure and diabetes.   
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Figure 4.1 – Microarray hybridization schemes.  Each line represents a single 
hybridization.  Two samples were hybridized to each array.  Red squares indicate that 
“red” dye was used for that sample in that hybridization; green squares indicate that 
“green” dye was used.  Each sample listed represents kidney cortex mRNA from an 
individual animal.  N=3 animals in each treatment group.  A) Diabetes vs. post-
OF/diabetes hybridization scheme.  B) Control vs. post-OF hybridization scheme.   
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Microarray results 

In the diabetes vs. post-OF/diabetes array 8,864 genes of the possibly ~12,000 

genes on the array were included in the analysis, and 99 genes were identified as 

differentially expressed at a ratio of 1.5-fold or more between cycling diabetic and post-

OF/diabetic samples.  In the control vs. post-OF array 9,142 genes were included in the 

analysis and 20 genes were identified as differentially expressed at a ratio of 1.5-fold or 

more between control and post-OF samples.  Table 4.1 contains a list of genes which 

were identified by the diabetic vs. post-OF/diabetic microarray, and Table 4.2 contains a 

list of genes which were identified by the control vs. post-OF array.  Two genes, 

aldehyde dehydrogenase 1a1 and T-cell immunoglobulin and mucin domain containing 2, 

were identified on both arrays.  We concluded that these two genes are regulated by 

changes in reproductive hormones but are not affected by diabetes and excluded these 

genes from further analysis.   

Our microarray data represent the novel association of several genes with ovarian 

failure and the development of early diabetic kidney damage.   
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Table 4.1 - Genes identified by diabetic vs. post-OF/diabetic microarray

Gene Description Ratio

Mus musculus bromodomain adjacent to zinc finger domain, 2A (Baz2a) 2.13
Mus musculus phosphoribosyl pyrophosphate amidotransferase 2.10
Mus musculus high density lipoprotein (HDL) binding protein (Hdlbp) 2.06
Unknown 2.02
Mus musculus phosphoglucomutase 5 (Pgm5) 1.99
Unknown 1.96
Mus musculus ubiquitin specific peptidase 2 (Usp2) 1.94
Mus musculus immediate early response 3 (Ier3) 1.94
Mus musculus RIKEN cDNA D930015E06 gene 1.87
H3036H02 1.86
Mus musculus LOC269515 (LOC269515) 1.82
Mus musculus RIKEN cDNA 2810485I05 gene 1.82
Mus musculus nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 
4 (Nfatc4)

1.79

Mus musculus sex comb on midleg homolog 1 (Scmh1) 1.78
Mus musculus cryptochrome 1 (photolyase-like) (Cry1) 1.75
Mus musculus pleiomorphic adenoma gene-like 1 1.74
Mus musculus lymphocyte antigen 6 complex, locus E (Ly6e) 1.73
Unknown 1.72
Mus musculus leucine zipper, down-regulated in cancer 1 (Ldoc1), 1.70
Mus musculus ERBB receptor feedback inhibitor 1/Mitogen-inducible gene 6 (Mig6) 1.70
UNKNOWN 1.70
Mus musculus arginyl aminopeptidase (aminopeptidase B) (Rnpep) 1.69
Mus musculus midkine (Mdk) 1.68
UNKNOWN 1.68
UNKNOWN 1.68
Mus musculus autophagy-related 7 (yeast) (Atg7) 1.67
Mus musculus CDC42 small effector 2 (Cdc42se2) 1.67
Mus musculus cDNA sequence BC021395 (BC021395), 1.65
Mus musculus nucleolin (Ncl) 1.65
Unknown 1.64
Mus musculus deltex 3-like (Drosophila) (Dtx3l), 1.64
Mus musculus, clone MGC:7593 IMAGE:3493893 1.64
Mus musculus Josephin domain containing 3 (Josd3) 1.63
Mus musculus phosphoinositide-3-kinase interacting protein 1 (Pik3ip1) 1.60
Mus musculus BAI1-associated protein 2-like 1 (Baiap2l1) 1.60
PREDICTED: Mus musculus similar to hCG45299 1.60
Mus musculus flap structure specific endonuclease 1 (Fen1) 1.59
H3155D01 1.59
Mus musculus Niemann Pick type C1 (Npc1) 1.58
Mus musculus chloride channel CLIC-like 1 (Clcc1) 1.56
Mus musculus stearoyl-Coenzyme A desaturase 2 (Scd2) 1.56
List of genes identified as significantly differently expressed between diabetic and post-
OF/diabetic mice by microarray. Expression levels were normalized to diabetic values, and the
ratio value is the fold change in expression in post-OF/diabetic mice compared to diabetic mice.
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Table 4.1 - Genes identified by diabetic vs. post-OF/diabetic microarray - continued

Gene Description Ratio

Unknown 1.56
PREDICTED: Mus musculus similar to es1 protein, 1.56
Mus musculus heat shock protein 8 (Hspa8) 1.55
Mus musculus solute carrier family 4 (anion exchanger), member 2 (Slc4a2) 1.55
Mus musculus transducer of ERBB2, 2 (Tob2) 1.54
Mus musculus RIKEN cDNA 4933427D14 gene 1.54
Mus musculus RNA binding motif protein 25 (Rbm25 1.54
Unknown 1.54
Mus musculus polymerase (RNA) II (DNA directed) polypeptide H (Polr2h) 1.54
Mus musculus wee 1 homolog (S. pombe) (Wee1) 1.54
Mus musculus structural maintenance of chromosomes 1A (Smc1a) 1.54
Mus musculus kinesin family member 16B (Kif16b) 1.54
Mus musculus Ellis van Creveld syndrome 2 homolog (human) (Evc2) 1.53
Mus musculus zinc finger protein 422 (Zfp422) 1.53
Mus musculus dystonin (Dst) 1.52
Unknown 1.52
Mus musculus solute carrier family 2, (facilitated glucose transporter), member 8 1.52
Mus musculus insulin-like growth factor I receptor (Igf1r), 1.52
Mus musculus RIKEN cDNA 3110001A13 gene 1.52
Unknown 1.52
Mus musculus LPS-responsive beige-like anchor (Lrba) 1.52
Mus musculus ubiquitination factor E4B, UFD2 homolog (S. cerevisiae) (Ube4b) 1.51
Mus musculus tetratricopeptide repeat domain 3 (Ttc3) 1.51
Mus musculus disabled homolog 2 (Drosophila) (Dab2) 1.51
Unknown 1.51
H3154D07 1.51
Mus musculus M-phase phosphoprotein 9, transcript variant 5 (Mphosph9) 1.51
Mus musculus succinate dehydrogenase complex, subunit A, flavoprotein (Fp) (Sdha) 1.51
Mus musculus cullin 7 (Cul7) 1.51
Mus musculus G elongation factor, mitochondrial 1 (Gfm1) 1.51
Unknown 1.50
Mus musculus BCL2/adenovirus E1B interacting protein 1, NIP1 (Bnip1) -1.52
Mus musculus crystallin, zeta (quinone reductase)-like 1 (Cryzl1), -1.52
H3108F01 -1.53
Mus musculus diazepam binding inhibitor (Dbi) -1.53
Mus musculus acyl-Coenzyme A dehydrogenase, medium chain (Acadm) -1.53
PREDICTED: Mus musculus RIKEN cDNA 1110019J04 gene (1110019J04Rik) -1.54
Mus musculus ATP-binding cassette, sub-family C (CFTR/MRP), member 3 (Abcc3) -1.54
Mus musculus mitochondrial ribosomal protein L9 (Mrpl9) -1.55
Mus musculus tRNA splicing endonuclease 34 homolog (SEN34, S. cerevisiae) 
(Tsen34)

-1.56

Mus musculus eukaryotic translation initiation factor 3, subunit D (Eif3d) -1.56
List of genes identified as significantly differently expressed between diabetic and post-
OF/diabetic mice by microarray. Expression levels were normalized to diabetic values, and the
ratio value is the fold change in expression in post-OF/diabetic mice compared to diabetic mice.
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Table 4.1 - Genes identified by diabetic vs. post-OF/diabetic microarray - continued

Gene Description Ratio

Unknown -1.57
Mus musculus mitochondrial ribosomal protein L36 (Mrpl36) -1.61
H3131E02 -1.66
Mus musculus neuroguidin, EIF4E binding protein (Ngdn) -1.70
Mus musculus aldehyde dehydrogenase family 1, subfamily A1 (Aldh1a1) -1.72
Mus musculus coagulation factor III (F3) -1.75
Mus musculus vacuolar protein sorting 45 (yeast) (Vps45) -1.75
Mus musculus chloride channel, nucleotide-sensitive, 1A (Clns1a) -1.77
Unknown -1.78
Mus musculus protein phosphatase 4, catalytic subunit -1.80
Mus musculus solute carrier family 16 (monocarboxylic acid transporters), member 1 -1.84
Mus musculus neuronal d4 domain family member (Neud4) -1.87
Mus musculus COMM domain containing 5 (Commd5) -1.89
Mus musculus carnitine O-octanoyltransferase (Crot) -1.92
Mus musculus T-cell immunoglobulin and mucin domain containing 2 (Timd2) -1.94
Mus musculus CDC28 protein kinase regulatory subunit 2 (Cks2) -2.22
List of genes identified as significantly differently expressed between diabetic and post-
OF/diabetic mice by microarray. Expression levels were normalized to diabetic values, and the
ratio value is the fold change in expression in post-OF/diabetic mice compared to diabetic mice.
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Table 4.2 - Genes identified by control vs. post-OF microarray

Gene Description Ratio

Mus musculus 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (Hmgcs2) 5.19
Mus musculus aldehyde dehydrogenase family 1, subfamily A1 (Aldh1a1) 1.85
Mus musculus serine (or cysteine) peptidase inhibitor, clade A, member 1 (Serpina1) 1.62
Mus musculus vanin 1 (Vnn1) 1.57
H3005B07 1.57
Mus musculus PET112-like (yeast) (Pet112l) 1.52
Mus musculus peroxisomal delta3, delta2-enoyl-Coenzyme A isomerase (Peci) 1.51
UNKNOWN 1.51
Mus musculus cholinergic receptor, nicotinic, alpha polypeptide 3 (Chrna3) -1.51
UNKNOWN -1.51
Mus musculus solute carrier family 7, member 8 (Slc7a8) -1.52
Mus musculus limb expression 1 homolog (Lix1) -1.52
UNKNOWN -1.53
Mus musculus prolactin family 7, subfamily d, member 1 (Prl7d1) -1.53
UNKNOWN -1.59
Mus musculus histidine decarboxylase (Hdc) -1.59
Mus musculus glutamate-cysteine ligase, catalytic subunit -1.68
Mus musculus anterior pharynx defective 1a homolog (C. elegans) (Aph1a) -1.72
Mus musculus T-cell immunoglobulin and mucin domain containing 1 (Timd1) -1.81
Mus musculus histidine decarboxylase (Hdc) -2.29
List of genes identified as significantly differently expressed between control and post-OF mice
by microarray. Expression levels were normalized to control values, and the ratio value is the
fold change in expression in post-OF mice compared to control mice.
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 Real-Time PCR confirmation of selected genes from microarray 

To confirm the microarray results, we randomly selected genes identified by the 

microarray and performed real-time PCR.  Real-time PCR primers for genes that were 

tested are listed in Table 4.3.  As shown in Figure 4.2 and listed in Table 4.4, significant 

changes in expression were confirmed with real-time PCR for 6 of the genes tested for 

the diabetes vs. post-OF/diabetes array and for 4 of the genes tested for the control vs. 

post-OF array.  Of the genes which were confirmed from the diabetes versus post-

OF/diabetes microarray, none was significantly differently expressed between control and 

cycling diabetic mice or between control and post-OF mice.  Of the genes which were 

confirmed from the control versus post-OF microarray, none was differently expressed 

between cycling diabetic and post-OF/diabetic mice.   
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Figure 4.2 – Real-time PCR confirmation of microarray.  Changes in expression of genes 
identified by microarray were confirmed with real-time PCR using mRNA isolated from 
kidney cortex.  A) Genes from the cycling diabetic vs. post-OF/diabetic array.  All 
changes in gene expression are presented as relative kidney cortex mRNA abundance in 
post-OF/diabetic mice normalized to cycling diabetic mice.  *P<0.05 vs. cycling diabetic 
mice.  B) Genes from the control vs. post-OF array.  All changes in gene expression are 
presented as relative kidney cortex mRNA abundance in post-OF mice normalized to 
control mice.  *P<0.05 vs. control mice.   
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Microarray
Fold-change Fold-change SEM P-value

Cks2 -2.22 -1.64 0.16 0.028
Crot -1.92 -1.72 0.15 0.016
Usp2 1.94 1.74 0.11 0.027
IEX-1 1.94 1.85 0.22 0.036
Mdk 1.68 1.74 0.06 0.017
Mig6 1.70 2.39 0.24 0.032

Real-time PCR

Table 4.4 - Real-time PCR confirmation of microarray

Gene 
Abbreviation

List of the subset of genes from diabetic vs. post-OF/diabetic microarray 
which were confirmed with real-time PCR.  Expression levels were 
normalized to diabetic values, and the results are presented as the fold 
change in expression in post-OF/diabetic mice compared to diabetic mice. 
N=3 vs 3 for Microarray and real-time PCR.
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Western blot confirmation of selected genes from microarray 

Most functions are carried out at the level of the protein, and changes in mRNA 

expression do not always correlate with changes in protein expression.  Therefore, to 

further analyze the expression of genes identified by the microarray experiments, we used 

Western Blot to measure the relative abundance of kidney cortex protein for two of the 

genes identified by the diabetes vs. post-OF/diabetes microarray: midkine and immediate 

early response-3.  The protein used in these experiments was from mice from Study 3, the 

second set of diabetic and post-OF/diabetic mice we generated, as described in Chapter 3.   

Midkine (Mdk) is a heparin-binding growth factor which has previously been 

shown to exacerbate diabetic kidney damage, as Mdk knockout mice develop less severe 

kidney damage in response to STZ-induced diabetes (60).  Furthermore, Mdk is regulated 

by estrogen in a different tissue type, cultured endometrial cells (150).  Despite a 

significant increase in Mdk mRNA expression in post-OF/diabetic mice compared to 

cycling diabetic mice, there was no change in Mdk protein expression between these two 

treatment groups (diabetic – 100 ± 9 vs. post-OF/diabetic – 94 ± 14%, P>0.05), as shown 

in Figure 4.3A and B.   

Immediate early response 3 (IEX-1) is a regulator of proliferation and apoptosis 

(144).  Despite a significant increase in IEX-1 mRNA expression in post-OF/diabetic 

mice compared to cycling diabetic mice, expression of IEX-1 protein was not 

significantly different between these treatment groups (control – 100 ± 10 vs. post-

OF/diabetic – 126 ± 19%, P>0.05) as shown in Figure 4.3C and D. 
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There are two likely explanations for why we observed no change in protein 

expression for Mdk and IEX-1 despite having observed significant increases in 

expression of both of these genes in post-OF/diabetic mice compared to cycling diabetic 

mice.  First, it is possible that a longer study period is necessary to observe changes in 

protein expression of Mdk and IEX-1.  Second, the protein used for the Western blots 

was from mice from Study 3, while the mRNA used for microarray and real-time PCR 

was from the Menopausal Study.  In the Menopausal Study we observed a significant 

increase in blood glucose in post-OF/diabetic mice compared to cycling diabetic mice, 

however, in Study 3 we did not observe a similar increase in blood glucose in post-

OF/diabetic mice compared to cycling diabetic mice.  Thus, it is possibly that the changes 

in Mdk and IEX-1 mRNA expression we observed were due to increased blood glucose 

levels, as opposed to changes in levels of reproductive hormones, in post-OF/diabetic 

mice.   
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Figure 4.3 – Western blot confirmation of selected genes from microarray.  Kidney 
cortex protein expression of selected genes identified by the diabetes vs. post-OF/diabetes 
microarray was analyzed by Western blot.  A) Midkine (Mdk) western blot; B) 
Quantification of (A); C) Immediate early response 3 (IEX-1) western blot; D) 
Quantification of C.  OF – ovarian failure.   
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Real-time PCR in post-ovarian failure diabetic mice 

Many genes, including collagen IV and TGFβ, have been implicated in the impact 

of estrogen on the development of diabetic kidney damage by previous studies in rodents 

(23,73,74).  To determine if ovarian failure altered the expression of these “genes of 

interest” we performed real-time PCR.  Table 4.5 contains a complete list of genes tested 

and the primers used.   
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Several of the genes we tested were differentially expressed in the kidney cortex 

of post-OF/diabetic mice compared to cycling diabetic mice.  Three main patterns of 

changes in gene expression emerged, as shown in Figure 4.4:  Pattern A) A significant 

change (increase or decrease) in relative mRNA abundance in post-OF/diabetic mice 

compared to control mice and cycling diabetic mice, with no change between cycling 

diabetic and control mice, as shown in Figure 4.4A.  The expression of early growth 

response 1 (Egr-1), collagen IV, α1 chain (Col4α1), and matrix metalloproteinase 9 

(MMP9) fit this pattern.  Egr-1 expression was increased 2.87-fold (P<0.05), Col4α1 

expression was decreased 1.75-fold (P<0.05), and MMP9 expression was decreased 1.89-

fold (P<0.05) in post-OF/diabetic mice compared to cycling diabetic and control mice.  

There were no significant differences in mRNA abundance of any of these genes between 

cycling diabetic and control mice.   

Pattern B) A significant decrease in relative mRNA abundance in cycling diabetic 

mice compared to control mice and a further significant decrease in post-OF/diabetic 

mice.  As shown in Figure 4.4B, 3β-hydroxysteroid dehydrogenase, isoform 4 (3βHSD4) 

fit this pattern, with a 1.39-fold decrease (P<0.05) in cycling diabetic mice compared to 

control mice, and a further 1.30-fold decrease (P<0.05) in post-OF/diabetic mice 

compared to cycling diabetic mice.  The expression of 3βHSD4 in post-OF/diabetic mice 

was decreased 1.79-fold (P<0.05) compared to control mice.   

Pattern C) A significant increase in relative mRNA abundance in cycling diabetic 

mice compared to control and post-OF/diabetic mice, but no difference between control 

and post-OF/diabetic mice.  As shown in Figure 4.4C, transforming growth factor β2 
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(TGFβ2) fit this pattern.  The mRNA abundance of TGFβ2 was increased 1.60-fold 

(P<0.05) in cycling diabetic mice compared to control mice and decreased 1.59-m fold 

(P<0.05) in post-OF/diabetic mice relative to cycling diabetic mice.  There was no 

significant difference in mRNA abundance of TGFβ2 between post-OF/diabetic and 

control mice.   

No significant differences in kidney cortex mRNA abundance between post-

OF/diabetic mice and cycling diabetic mice were found for the following genes:  collagen 

1α2, collagen 4α2, estrogen receptor α, fibronectin 1, proliferating cell nuclear antigen, 

transforming growth factor β1, and transforming growth factor β3.  For all of the above 

genes there were no significant differences in the mRNA abundance between control and 

non-diabetic post-OF mice.   

These data demonstrate that there are differences in the relative mRNA 

abundance of genes normally associated with diabetic kidney damage between post-

OF/diabetic mice and cycling diabetic mice.  Some of the changes we observed support 

our hypothesis that diabetic kidney damage is exacerbated by ovarian failure.  For 

example, MMP-9 is an extracellular matrix-degrading protein; the decrease in relative 

mRNA abundance of MMP-9 in post-OF/diabetic mice compared to cycling diabetic 

mice suggests that there is less ECM degradation and hence worse kidney damage in the 

post-OF/diabetic mice.  Other changes in relative mRNA abundance we observed do not 

support this hypothesis.  For example, we observed a decrease in Col4α1 mRNA 

abundance in post-OF/diabetic mice compared to cycling diabetic mice, while diabetic 

kidney damage is normally associated with increased expression of collagen IV.  The 

121



changes in expression of these genes may indicate mechanisms by which changes in 

ovarian failure impacts diabetic kidney damage. 
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Figure 4.4 – Changes in gene expression in 
Menopausal Study.  Patterns of changes in 
kidney cortex mRNA abundance of genes 
associated with diabetic kidney damage in 
Menopausal Study.  SYBR Green I real-
time PCR measurements were used to 
derive Ct values for calculation of mRNA 
abundance.  The data shown are the mean 
relative gene expression normalized to 
control group ± SEM.  Assays for β-actin 
were run in parallel on each sample for 
internal controls. Assays were run in 
triplicate on cDNA synthesized by reverse 
transcription from RNA samples.  N=3 for 
each treatment group.  Significant 
difference determined by Student's t-test.  
*P<0.05 vs. Control; #P<0.05 vs. Diabetic.  
A) Egr-1: early growth response-1 B) 
3βHSD4: 3β-hydroxysteroid dehydrogenase 
4 C) TGFβ2: transforming growth factor β2.  
OF – ovarian failure. 

A version of this figure was 
previously published in Keck M, Romero-
Aleshire MJ, Cai Q, Hoyer PB, and Brooks 
HL.  Hormonal status affects the 
progression of STZ-induced diabetes and 
diabetic renal damage in the VCD mouse 
model of menopause. Am J Physiol Renal 
Physiol 293(1): F193-F199, 2007. 
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Real-time PCR in peri-ovarian failure diabetic mice 

Some of the changes in disease risk factors which are typically associated with 

menopause, including increases in high density lipoprotein-cholesterol and decreases in 

adiponectin levels, begin to occur during perimenopause (34,79,123).  Therefore, we 

performed real-time PCR comparing kidney cortex mRNA abundance of peri-

OF/diabetic mice to cycling diabetic mice.  Primers for genes whose expression was 

significantly different between post-OF/diabetic mice and cycling diabetic mice (i.e. Egr-

1, Col4α1, MMP9, 3βHSD4, and TGFβ2) were used.   

Similar to what we observed in the Menopausal Study, Egr-1 mRNA abundance 

was significantly increased in peri-OF/diabetic mice compared to cycling diabetic mice 

(increase of 2.05-fold, P<0.05), as shown in Figure 4.5.  Also similar to what we 

observed in the Menopausal Study, TGFβ2 mRNA abundance was decreased in peri-

OF/diabetic mice compared to cycling diabetic mice (decrease of 1.6-fold, P<0.05).  In 

contrast to what was observed in the Menopausal study, in which mRNA abundance of 

3βHSD4 was decreased in post-OF/diabetic mice compared to cycling diabetic mice, 

3βHSD4 was increased in peri-OF/diabetic mice compared to cycling diabetic mice 

(increase of 1.2-fold, P<0.05).  

These data demonstrate that some of the changes in gene expression which occur 

following ovarian failure also occur during peri-ovarian failure.  While there was a 

significant difference in blood glucose levels between cycling diabetic and post-

OF/diabetic mice in the Menopausal Study, there was no difference in glucose levels 

between cycling diabetic and peri-OF/diabetic mice in the Perimenopausal Study.  Thus 
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the differences in gene expression we observed between peri-OF/diabetic mice and 

cycling diabetic mice is likely due to changes in levels of reproductive hormones.  
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Figure 4.5 – Changes in gene expression in Perimenopausal Study.  SYBR Green I real-
time PCR measurements were used to derive Ct values for calculation of mRNA 
abundance of genes associated with diabetic kidney damage.  The data shown are the 
mean relative gene expression normalized to the diabetic group ± SEM.  Assays for β-
actin were run in parallel on each sample for internal controls. Assays were run in 
triplicate on cDNA synthesized by reverse transcription from RNA samples.  N=3 for 
each group.  Significant difference determined by Student's t-test.  Egr-1 – early growth 
response-1; 3βHSD4 – 3β-hydroxysteroid dehydrogenase 4; TGFβ2 – transforming 
growth factor β2. 
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DISCUSSION 

Identification of novel diabetic kidney damage-related genes by microarray 

We performed microarray to identify changes in mRNA abundance of genes 

which may be involved in the impact of ovarian failure on the development and 

progression of diabetic kidney damage.  In the first set of arrays, we compared kidney 

cortex mRNA from cycling diabetic and post-OF/diabetic mice.  We identified 99 genes 

as differentially expressed between these two treatment groups.  Several of the genes, 

changes in whose expression we confirmed with real-time PCR, have previously been 

identified as associated with cellular proliferation (immediate early response 3 – IEX-1, 

CDC28 protein kinase regulatory subunit 2 – Cks2, and mitogen inducible gene 6 – 

Mig6), energy utilization (carnitine O-octanoyltransferase – Crot), or diabetes (ubiquitin 

specific protease – USP2, midkine – Mdk), or have been identified as regulated by 

estrogen or androgens in other tissues (USP2, Mdk).   

IEX-1, Cks2, and Mig6 all have potential roles in the regulation of apoptosis and 

cell proliferation.  IEX-1 regulates both cell proliferation and apoptosis in response to 

stress in a variety of tissues (144), while Mig6 suppresses proliferation in skin cells (29).  

Cks2 is involved in regulation of the cell cycle, though its exact role remains unclear 

(98).  Increased kidney cell proliferation is an early complication of diabetes, and we 

observed increased cellular proliferation, as measured by protein expression of 

proliferating cell nuclear antigen, in post-OF/diabetic mice compared to cycling diabetic 

mice.   
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Midkine (Mdk) is a heparin-binding growth factor, and knockout of Mdk has 

previously been shown to prevent the development of diabetic kidney damage in mice 

(60).  We found a significant increase in Mdk expression in post-OF/diabetic mice 

compared to cycling diabetic mice, consistent with exacerbated diabetic kidney damage 

in post-OF/diabetic mice.   

In the second set of microarrays, we compared kidney cortex mRNA from control 

and non-diabetic post-OF mice, and identified 20 genes as differentially expressed 

between these two treatment groups.  As with the diabetes versus post-OF/diabetes 

microarray, several of the genes we identified with this set of arrays have previously been 

associated with factors involved in diabetes or kidney damage or are regulated by 

hormones.  For example, histidine decarboxylase (Hdc) catalyzes the synthesis of 

histamine, and histamine content is increased in kidneys from diabetic rats (78).  We 

found a significant decrease in expression of Hdc in post-OF mice compared to control 

mice.  Testosterone suppresses Hdc expression in female mouse kidneys (83), suggesting 

that the androgens produced by the residual ovarian tissue in post-OF mice may be 

mediating the decrease in Hdc expression we observed.   

The previous associations of genes which we identified by microarray with 

diabetes, kidney damage, energy utilization, cell proliferation, and regulation by gonadal 

steroid hormones support the validity of our experimental approach and suggest that the 

genes we identified are worthy of further study in the context of how ovarian failure 

affects diabetic kidney disease.   
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Changes in gene expression in post-ovarian failure diabetic mice 

Diabetic kidney damage is usually associated with increased accumulation of 

extracellular matrix proteins, such as collagens I and IV.  This increase is thought to be 

stimulated by increased expression of TGFβ and decreased expression and activity of 

matrix metalloproteinases (74,116,152).  This study identified several genes which were 

differentially expressed in the kidney cortex of post-OF/diabetic mice and cycling 

diabetic mice.  For example, MMP9 mRNA abundance was decreased in post-

OF/diabetic mice compared to cycling diabetic mice.  This result correlates well with 

previous in vivo studies in which MMP9 protein expression and activity level were 

decreased in ovariectomized diabetic rats (74) and in ovariectomized Dahl salt-sensitive 

rats (77).  Previous in vitro studies in mesangial cells have found that estrogen increases 

the expression of MMP9 (100); thus the loss of estrogen in our model of menopause may 

explain the observed decrease in MMP9 mRNA expression.   

We observed a decrease in mRNA abundance of collagen IV, α1 chain and 

transforming growth factor β2 (TGFβ2) in post-OF/diabetic kidneys compared to cycling 

diabetic kidneys.  These results are different from studies in which ovariectomy was 

associated with increased expression of TGFβ and collagen IV in diabetic rats (73,74), 

and in which estrogen administration to OVX diabetic rats partially attenuated the 

accumulation of collagens IV and normalized expression of TGFβ (23).  The differences 

in the expression patterns of these genes between our study and previous studies may be 

due to the different menopause model used or to the length of the study period. 
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mRNA abundance of 3βHSD4 was significantly lower in the kidney of post-

OF/diabetic mice than in cycling diabetic mice.  Murine 3βHSD4 is a 3-ketosteroid 

reductase which metabolizes progesterone and dihydrotestosterone to their inactive forms 

(18,102).  Recent studies identified 3βHSD4 expression as predictive of the degree to 

which glomerulosclerosis develops in the diabetic kidney, with lower expression of 

3βHSD4 correlating with more severe glomerulosclerosis (127).  Thus, the decrease in 

3βHSD4 mRNA expression in post-OF/diabetic mice compared to cycling diabetic mice 

supports our hypothesis that ovarian failure is associated with more severe diabetic 

kidney damage in mice.   

3βHSD4 metabolizes dihydrotestosterone, therefore a decrease in 3βHSD4 

expression could lead to an increase in dihydrotestosterone levels.  Dihydrotestosterone 

has been demonstrated to cause an increase in cell proliferation in a proximal tubule cell 

line (92); thus decreased 3βHSD4 expression could result in increased proliferation of 

proximal tubule cells.  Our results are consistent with this hypothesis as we found both a 

decrease in 3βHSD4 mRNA abundance and, as presented in Chapter 3, an increase in cell 

proliferation in kidneys from post-OF/diabetic mice compared to cycling diabetic mice 

and control mice.   

We observed a significant increase in expression of early growth response-1 (Egr-

1) in post-OF/diabetic mice compared to cycling diabetic mice.  Egr-1 is a transcription 

factor which increases cellular proliferation (128).  The expression and transcriptional 

activity of Egr-1 has previously been shown to be increased by hyperglycemia in murine 

glomerular endothelial cells in culture (40), and in a model of glomerular nephritis in 
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males rats, Egr-1 knockdown significantly inhibited mesangial cell proliferation and 

glomerular area enlargement (11).  These data are consistent with our observations of 

increased Egr-1 expression and increased cell proliferation in post-OF/diabetic mice 

compared to cycling diabetic mice.   

 

Changes in gene expression in peri-ovarian failure diabetic mice 

We also studied mRNA expression in kidneys from peri-OF/diabetic mice 

compared to cycling diabetic mice to determine if any of the effects of changes in 

reproductive hormone levels on gene expression in the diabetic kidney occur during peri-

ovarian failure.   mRNA abundance of TGFβ2 was lower in peri-OF/diabetic mice than in 

cycling diabetic mice.  This is similar to the decrease in mRNA abundance for this gene 

observed between post-OF/diabetic mice and cycling diabetic mice.  We also observed a 

significant increase in Egr-1 expression in peri-OF/diabetic mice compared to cycling 

diabetic mice, similar to the increase we observed in post-OF/diabetic mice.  These data 

highlight the importance of the VCD model of perimenopause and menopause, as this is 

the only model of menopause besides natural aging which preserves the perimenopausal 

period. 

 

Conclusions 

In this chapter we have demonstrated that the gradual transition into ovarian 

failure in mice is associated with changes in gene expression in the diabetic kidney.  

Some of the changes we observed were for genes which were previously known to be 
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associated with diabetic kidney damage, including 3βHSD4 and MMP9, and support our 

hypothesis that the transition into ovarian failure exacerbates diabetic kidney disease.  

Using microarray we have also identified 119 new genes which may influence the impact 

of changes in reproductive hormone levels on the development and progression of 

diabetic kidney damage.   

It is possible that not all of the differences we observed between post-OF/diabetic 

mice and cycling diabetic mice are due to changes in reproductive hormone levels.  The 

increase in blood glucose levels in post-ovarian failure diabetic mice may account for 

some of the differences in gene expression we observed.    
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CHAPTER 5: DISCUSSION 

 

Brief summary of results 

Diabetic kidney damage is a major complication of diabetes, and diabetes is the 

major cause of end-stage renal disease in most countries (1).  As the incidence of diabetes 

in the United States and the world increases, the number of individuals with diabetic 

kidney disease is also increasing (3). 

Estrogen is protective against the development of many diseases, including 

diabetes (50,76,112,138) and non-diabetic kidney disease (86).  However, it is unclear if 

estrogen is protective against the development and progression of diabetic kidney disease 

with some studies in humans finding beneficial effects and others not (119).   

The purpose of the work presented in this dissertation was to examine the effects 

of changes in reproductive hormones such as occur at menopause on the development 

and progression of diabetes and diabetic kidney damage.  In this work we used a new, 

chemical model of menopause called the VCD model of menopause in combination with 

the well-established streptozotocin (STZ) model of type 1 diabetes to study early diabetic 

kidney damage in the context of a gradual transition into ovarian failure (OF).  The 

hypothesis which underlay our work was that the changes in hormones which occur with 

the gradual transition into ovarian failure exacerbate the development and progression of 

diabetes and diabetic kidney damage.  The results from the studies presented here support 

our hypothesis. 
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In chapter 2, we demonstrated that the VCD model of menopause and the STZ 

model of type 1 diabetes can be successfully combined in mice.  Using ovarian follicle 

counts and daily monitoring of the estrous cycle of mice, we demonstrated that STZ does 

not appear to affect the ovary directly in any lasting way.  Blood glucose levels were 

measured 6 weeks after STZ-injection, and our data suggest a continuing trend of 

increasing blood glucose across the menopausal transition.  Glucose levels were 

significantly increased in post-OF/diabetic mice compared to peri-OF/diabetic mice and 

cycling diabetic mice.  We also showed that similar to humans following menopause, 

non-diabetic post-OF mice rapidly gained weight following ovarian failure such that they 

weighed significantly more than control mice at the end of the study.  These data 

demonstrate that the VCD model of menopause and the STZ model of diabetes can be 

successfully combined in mice.   

In chapter 3, we studied how the changes in reproductive hormones which occur 

with the gradual transition into menopause affect early diabetic kidney damage.  We 

demonstrated a significant increase in cellular proliferation and a non-significant trend 

toward an increase in glomerular area in post-OF/diabetic mice compared to cycling 

diabetic mice.  We also showed an increase in the interstitial and glomerular expression 

of α-smooth muscle actin in post-OF/diabetic mice compared to cycling diabetic mice.  

We did not observe any differences in the degree of glomerulosclerosis which developed 

in any of our mice, likely due to the short duration of diabetes used in this study.  Finally, 

we demonstrated a significant difference in kidney function between post-OF/diabetic 

mice compared to cycling diabetic mice; post-OF/diabetic mice had a significantly higher 
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rate of urine albumin excretion than cycling diabetic mice 5 weeks after STZ injection.  

The data presented in chapter 3 are not entirely conclusive but overall support our 

hypothesis that ovarian failure exacerbates diabetic kidney damage. 

In chapter 4 we studied changes in gene expression which may contribute to the 

differences in kidney damage we observed in chapter 3.  Using real-time PCR we showed 

changes in expression of genes which have previously been associated with diabetic 

kidney damage and estrogen in the kidney in post-OF/diabetic mice compared to cycling 

diabetic mice.  Furthermore, we demonstrated that some, but not all, of these changes 

occurred in peri-OF/diabetic mice.  Using microarray we identified 119 new genes which 

are differentially regulated in the kidney cortex depending on the combination of 

reproductive hormone levels and diabetes.  We confirmed some of these genes using real-

time PCR, though were unable to confirm changes in protein expression using Western 

blot.  These genes potentially represent the identification of potential new mechanisms by 

which a change in levels of reproductive hormones may affect diabetic kidney damage.   

 

Strengths and weaknesses of results 

The data presented in this dissertation support our hypothesis that ovarian failure, 

as modeled by the VCD model of menopause, exacerbates diabetic kidney damage.  The 

strongest data in support of our hypothesis is the difference in urine albumin excretion we 

observed between cycling diabetic and post-OF/diabetic mice following 5 weeks of 

diabetes.  There was no difference in blood glucose levels between the cycling diabetic 

and post-OF/diabetic mice used in the albuminuria experiment, leading to our conclusion 
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that the difference in urine albumin excretion was due to differences in levels of 

reproductive hormones between the two treatment groups.  Furthermore, the increase in 

urine albumin excretion represents a change in kidney function, the most important end-

point in evaluating kidney damage.   

The increase in interstitial and glomerular expression of α-smooth muscle actin 

(α-SMA) protein in post-OF/diabetic mice compared to cycling diabetic mice is also 

strong data in support of our hypothesis.  We observed the differences in expression both 

in mice from the Menopausal Study, in which there was a significant increase in blood 

glucose levels in post-OF/diabetic mice compared to cycling diabetic mice, and in Study 

3, in which there was no difference in glucose levels between these two treatment groups.  

This suggests that the differences in α-SMA expression which we observed were due to 

the changes in levels of reproductive hormones between the two treatment groups and not 

to differences in blood glucose levels.  α-SMA expression in the interstitial space and 

glomeruli is a well-established marker of diabetic kidney damage, thus the differences in 

α-SMA expression which we observed between post-OF/diabetic and cycling diabetic 

mice support our hypothesis that diabetic kidney damage is exacerbated by ovarian 

failure. 

The increase in cell proliferation we observed using proliferating cell nuclear 

antigen (PCNA) immunohistochemistry and the changes in gene expression we observed 

with both the microarray and real-time PCR support our original hypothesis, though not 

as strongly.  There was a significant increase in blood glucose levels in the post-

OF/diabetic mice compared to the cycling diabetic mice used in these experiments, thus it 
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is possible that the differences we observed in PCNA immunohistochemistry and gene 

expression are due to changes in glucose levels and not to changes in levels of 

reproductive hormones.  The data from these experiments do not negate our hypothesis, 

however, and these experiments should be repeated in mice similar to those from Study 3, 

in which there was no difference in glucose levels between cycling diabetic and post-

OF/diabetic mice. 

In chapter 2, in the Menopausal Study we demonstrated a significant increase in 

blood glucose in post-OF/diabetic mice compared to cycling diabetic mice 6 weeks after 

STZ injection.  In chapter 3, we presented a second group of mice, call Study 3, in which 

there was no difference in blood glucose levels between cycling diabetic and post-

OF/diabetic mice.  The main difference between the mice used in these two studies was 

the age at which the mice were dosed with STZ; in Study 3 mice were approximately 2-3 

months older than mice in the Menopausal Study at the time of STZ injection.  Glucose 

levels in cycling diabetic mice from the Menopausal Study were approximately 200 

mg/dL, while glucose levels in post-OF/diabetic mice from the Menopausal Study and in 

cycling diabetic and post-OF/diabetic mice from Study 3 were approximately 300-350 

mg/dL.  Thus the difference between the Menopausal Study and Study 3 was due to an 

increase in glucose levels in cycling diabetic mice.  These data suggest that there may be 

an effect of age on the response of mice to STZ injection and this effect is negated by 

ovarian failure, however further research is needed to confirm this speculation. 
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Significance 

Several recent studies have used the ovariectomy model of menopause to examine 

the effects of estrogen on the development and progression of diabetic kidney damage 

(12,23,73,74,106).  Overall, our results agree with and support the conclusion of these 

studies that estrogen is protective against the development of diabetic kidney damage.   

Our data also suggest that overcoming the limitations in the ovariectomy model 

may be important.  First, we showed a trend toward an increase in blood glucose levels 

and changes in expression of diabetic kidney damage-related genes in peri-OF/diabetic 

mice compared to cycling diabetic mice.  These data suggest that the impact of changes 

in levels of reproductive hormones may begin to affect diabetes and diabetic kidney 

damage during peri-ovarian failure in mice.  If the groundwork for hormone-exacerbated 

diabetic kidney damage is laid during peri-ovarian failure, this would be an important 

period for further study.  Second, not all of our data, including the glomerular area data 

and the real-time PCR data, agree with results from previous studies.  While this may be 

due in part to the length of our study period and the animal models of diabetes used, it 

may also be due to differences in the menopause model used.  Specifically, the gradual 

transition into ovarian failure and the androgen production by post-ovarian failure ovaries 

may impact the development of diabetic kidney disease.  Thus, the data presented here 

highlight the importance of the mouse VCD model of menopause for the study of 

diabetes and diabetic kidney disease.   
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Applications to humans: hormone replacement therapy 

Since estrogen appears to be protective against diabetic kidney disease, and 

estrogen levels naturally fall at menopause in humans, a logical conclusion from our 

study and others is that estrogen replacement therapy should be prescribed to diabetic 

women as they enter menopause.  To date, no studies of hormone replacement therapy 

using diabetic kidney disease as the primary endpoint have been done in humans.  

However, estrogen is considered protective against the development and progression of 

cardiovascular disease as well (51), and it has been hypothesized that treating 

postmenopausal women with hormone replacement therapy (HRT) should prevent the 

postmenopausal increase in cardiovascular disease observed in women.  In the 1990s two 

large studies, the Heart and Estrogen/progestin Replacement Study (HERS) trail and the 

Women’s Health Initiative (WHI) trial, were begun to examine the effects of HRT on 

cardiovascular disease.  In both the WHI and HERS studies postmenopausal women were 

treated with a combination of conjugated equine estrogens and medroxyprogesterone 

acetate, and the incidence of coronary heart disease was measured as an end-point.  

Contrary to what was expected, these studies found little or no benefit of HRT on 

coronary heart disease (43,108).  Furthermore, in the HERS study, HRT led to an 

increased risk of thromboembolitic events (43), and the WHI study was stopped earlier 

than expected due to an increased risk of breast cancer in the women treated with HRT 

(108).   

The results from the HERS and WHI studies were a great surprise and 

disappointment to many, and scientists immediately began searching for explanations to 
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explain the discrepancies between the results which had been anticipated and what was 

observed.  One hypothesis which emerged involved the age of women when they were 

giving HRT.  The average ages of women administered HRT in the HERS and WHI trials 

were 66.7 and 63.2 years, respectively (43,108), significantly older than the average age 

of women when they enter menopause and are most likely to be placed on HRT.  

Following the negative results of the HERS and WHI trials it was hypothesized that 

younger women would demonstrate more positive effects in response to HRT 

(36,58,109), and data support this hypothesis.  In another study of HRT in post-

menopausal women, the Nurses’ Health Study, women who began HRT near the time of 

menopause had a significantly reduced incidence of coronary heart disease, while women 

who began HRT later in life showed no significant effect (36).  Furthermore, reanalysis 

of the WHI trial data showed a similar result when women were stratified by age, with 

younger women treated with HRT evidencing a decreased risk of coronary heart disease 

compared to placebo-treated participants (109).  Also, the WHI trial found that coronary 

artery calcification, a predictive indicator of future cardiovascular events, was lower in 

women taking estrogen only if estrogen treatment was started between 50 and 59 years of 

age (75).   

Animal models of kidney disease provide support for the hypothesis that the 

timing of HRT matters in disease protection.  When glomerulosclerosis-prone mice were 

ovariectomized and then continuously treated with estradiol, glomerulosclerosis was 

prevented.  However, if the mice were left untreated for 3 months before beginning 
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estrogen supplementation, the estrogen did not protect against the development of 

glomerulosclerosis (52).   

Other hypotheses which have been suggested to explain the discrepancies 

between of the WHI and HERS trials and previous research in animal models, which 

have generally shown positive benefits of estrogen treatment, involve the nature of the 

hormone therapy itself and the route of hormone administration.  In most animal studies, 

the estrogen used in replacement studies is 17β-estradiol, and it is administered either by 

injection or via subcutaneous implant.  In contrast, both the HERS trials and the WHI 

trials used oral administration of a combination of conjugated equine estrogens (CCEs) 

and medroxyprogesterone acetate, the most commonly used forms of HRT in women.  

CCEs contain many hormone metabolites and estrogens that are not native to humans.  

While some of the components can be converted to 17β-estradiol, it is not known what 

many of the other components do and these other components may counteract or prevent 

the beneficial effects of 17β-estradiol (117).  Also, oral administration of HRT may be 

responsible for some of the negative effects observed in the WHI and HERS trials.  

Orally administered hormones must first pass through the liver, where they are 

metabolized, causing a large amount of variability in the final concentrations of 17β-

estradiol in the blood (117).  Also, passage of orally administered estrogens through the 

liver may activate pro-thrombolitic and inflammatory pathways (58).  Transdermal 

administration of HRT is now being considered, and preliminary studies suggest this 

route of administration may result in many of the anticipated beneficial effects of HRT 

without some of the observed detrimental effects (89,117). 
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While the results from the WHI and HERS trials were disappointing, they do not 

negate decades of research in animal models which suggest a positive role for estrogen in 

disease development.  Furthermore, because diabetic kidney disease was not an outcome 

from these studies, it is problematic to extrapolate from the WHI and HERS studies to the 

impact of HRT on diabetic kidney disease.  Further research into the effects of estrogen 

on the development of diabetic kidney disease is necessary to clarify if and how estrogen 

can be beneficial.   

 

Limitations and Future Directions: 

The work presented in this dissertation describes the first use of the VCD model 

of menopause in combination with a model of diabetes and the resultant diabetic kidney 

damage.  The data presented here suggest that the VCD model is useful for the study of 

how ovarian failure affects the development and progression of diabetic kidney damage 

and support the continued use of this model in future studies.  However, there are several 

limitations of the data presented in this dissertation.   

We chose to use the STZ model of type 1 diabetes for our studies due to the large 

body of previous work using this model and the lack of hypertension associated with 

STZ-induced diabetes.  Mice injected with STZ model type 1 diabetes, however most 

patients with diabetes have type 2 diabetes.  Type 2 diabetes is characterized by 

hyperinsulinemia, whereas type 1 diabetes is characterized by hypoinsulinemia.  Insulin 

could directly impact the kidney and diabetic kidney damage independently of changes in 

blood glucose levels.  Similarly, while the STZ model of type 1 diabetes is not associated 
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with hypertension, type 2 diabetes commonly is, and hypertension is known to contribute 

to kidney damage (2).  Therefore, the lack of insulin and hypertension in our model 

makes application of our results to the majority of patients with diabetes problematic.  To 

address this limitation, the VCD model of menopause should be combined with models 

of type 2 diabetes.  In our laboratory, we have begun studies in which mice with VCD-

induced ovarian failure have been fed a high fat diet to model type 2 diabetes.   

The STZ model of diabetes in rodent is associated with changes in other 

metabolic parameters in addition to altered blood glucose and insulin levels.  These 

include elevation of serum free fatty acids (FFAs).  We did not measure serum FFAs in 

our studies, however it is possible that some of the effects we observed are due to 

alterations in FFAs as opposed to changes in glucose or insulin levels.  Future studies 

could control for differences in FFAs by administration of lipid-lowering drugs to 

diabetic mice. 

  The natural progression into menopause in humans involves changes in the levels 

of several reproductive hormones, including estrogens and androgens, and these changes 

are modeled in a VCD-injected rodent.  Because levels of multiple hormones changed in 

the mice used in our studies, we were unable to definitely determine the mechanisms 

behind the exacerbated kidney disease we observed in post-OF/diabetic mice.  Future 

studies using hormone replacement therapy in post-OF/diabetic mice could resolve this 

issue.  For example, if estrogen replacement alone completely ameliorates the differences 

in kidney damage between cycling diabetic mice and post-OF/diabetic mice, then one 

could conclude that the lack of estrogen in post-OF/diabetic mice is solely responsible for 
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the effects of ovarian failure on diabetic kidney damage.  Alternatively, it may be 

necessary to treat post-OF/diabetic mice with both estrogen and progesterone to 

completely reverse the effects of ovarian failure on diabetic kidney damage.  This would 

indicate that declines in both estrogen and progesterone are responsible for exacerbated 

kidney damage in post-OF/diabetic mice. 

In the VCD model of menopause, the post-ovarian failure ovaries secrete 

androgens (80), and these androgens may contribute to diabetic kidney damage.  Our 

studies were not able to discern if androgens were contributing to diabetic kidney 

damage.  In future studies, treatment of post-OF/diabetic mice with an androgen receptor 

blocker could ameliorate the ovarian failure-induced changes in diabetic kidney damage, 

a scenario which would indicate increased androgen levels are partly responsible for 

exacerbated kidney damage in post-OF/diabetic mice.  Another way to approach this 

issue would be to compare diabetic kidney damage in VCD-injected mice to diabetic 

kidney damage in ovariectomized mice treated with androgens to mimic the post-ovarian 

failure androgen secretion by residual ovarian tissue in VCD-injected mice.   

VCD-injected mice can also be used to model perimenopause, something no other 

model of menopause in rodents does.  Therefore, many future studies of the impact of the 

gradual transition into menopause on the development of diabetic kidney disease are 

possible with this model.  For example, in our studies we initiated diabetes at the 

beginning of peri-ovarian failure; future studies could alter the timing of STZ injections 

relative to the progression of mice through peri-ovarian failure.   
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Finally, the VCD model of menopause can be useful for resolving questions 

surrounding the timing of hormone replacement therapy (HRT).  As discussed in detail 

above, recent studies in humans suggest that HRT administration early during the 

menopausal transition may provide many benefits without the complications associated 

with HRT administration to much older women.  Using the VCD model, HRT could be 

administered to mice in early or late peri-ovarian failure, immediately following ovarian 

failure, or long after entering ovarian failure.   

 

Conclusions 

In conclusion, the data presented in this dissertation demonstrate the successful 

combination of a new model of menopause with an established model of type 1 diabetes.  

We have shown that the changes in hormones which occur with the gradual transition 

into ovarian failure exacerbate diabetic kidney in mice and identified genes potentially 

involved in this process.  Our data contribute to the body of work studying the effects of 

menopause on diabetic kidney disease and further demonstrate that the VCD model of 

menopause is a useful tool for pursuing the open questions surrounding 

 

145



WORKS CITED 
 
 

 1.  Atkins RC. The epidemiology of chronic kidney disease. Kidney Int 67: s14-s18, 
2005. 

 2.  Baltatu O, Cayla C, Iliescu R, Andreev D and Bader M. Abolition of end-
organ damage by antiandrogen treatment in female hypertensive transgenic rats. 
Hypertension 41: 830-833, 2003. 

 3.  Barnett A. Prevention of loss of renal function over time in patients with diabetic 
nephropathy.  Am J Med 119: S40-S47, 2006. 

 4.  Breyer JA, Bain RP, Evans JK, Nahman NS, Jr., Lewis EJ, Cooper M, 
McGill J and Berl T. Predictors of the progression of renal insufficiency in 
patients with insulin-dependent diabetes and overt diabetic nephropathy. The 
Collaborative Study Group. Kidney Int 50: 1651-1658, 1996. 

 5.  Breyer MD, Bottinger E, Brosius FC, III, Coffman TM, Harris RC, Heilig 
CW and Sharma K. Mouse Models of Diabetic Nephropathy. J Am Soc Nephrol 
16: 27-45, 2005. 

 6.  Brito PL, Fioretto P, Drummond K, Kim Y, Steffes MW, Basgen JM, Sisson-
Ross S and Mauer M. Proximal tubular basement membrane width in insulin-
dependent diabetes mellitus. Kidney Int 53: 754-761, 1998. 

 7.  Brooks HL, Ageloff S, Kwon TH, Brandt W, Terris JM, Seth A, Michea L, 
Nielsen S, Fenton R and Knepper MA. cDNA array identification of genes 
regulated in rat renal medulla in response to vasopressin infusion. Am J Physiol 
Renal Physiol 284: F218-F228, 2003. 

 8.  Brooks HL, Sorensen AM, Terris J, Schultheis PJ, Lorenz JN, Shull GE and 
Knepper MA. Profiling of renal tubule Na+ transporter abundances in NHE3 and 
NCC null mice using targeted proteomics. J Physiol (Lond) 530: 359-366, 2001. 

 9.  Burger H, Woods NF, Dennerstein L, Alexander JL, Kotz K and Richardson 
G. Nomenclature and endocrinology of menopause and perimenopause. Expert 
Rev Neurother 7: S35-S43, 2007. 

146



 10.  Cali AM and Caprio S. Prediabetes and type 2 diabetes in youth: an emerging 
epidemic disease? Curr Opin Endocrinol Diabetes Obes 15: 123-127, 2008. 

 11.  Carl M, Akagi Y, Weidner S, Isaka Y, Imai E and Rupprecht HD. Specific 
inhibition of Egr-1 prevents mesangial cell hypercellularity in experimental 
nephritis. Kidney Int 63: 1302-1312, 2003. 

 12.  Chen H, Brahmbhatt S, Gupta A and Sharma A. Duration of streptozotocin-
induced diabetes differentially affects p38-mitogen-activated protein kinase 
(MAPK) phosphorylation in renal and vascular dysfunction. Cardiovascular 
Diabetology 4: 3, 2005. 

 13.  Chen HC, Guh JY, Shin SJ, Tsai JH and Lai YH. Insulin and heparin suppress 
superoxide production in diabetic rat glomeruli stimulated with low-density 
lipoprotein. Kidney Int 59: 124-127, 2001. 

 14.  Chin M, Isono M, Isshiki K, Araki Si, Sugimoto T, Guo B, Sato H, Haneda 
M, Kashiwagi A and Koya D. Estrogen and Raloxifene, a Selective Estrogen 
Receptor Modulator, Ameliorate Renal Damage in db/db Mice. Am J Pathol 166: 
1629-1636, 2005. 

 15.  Choi KH, Kang SW, Lee HY and Han DS. The effects of high glucose 
concentration on angiotensin II- or transforming growth factor-beta-induced DNA 
synthesis, hypertrophy and collagen synthesis in cultured rat mesangial cells. 
Yonsei Med J 37: 302-311, 1996. 

 16.  Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Rollin BJ and Tesch 
GH. Monocyte chemoattractant protein-1 promotes the development of diabetic 
renal injury in streptozotocin-treated mice. Kidney Int 69: 73-80, 2006. 

 17.  Chow FY, Nikolic-Paterson DJ, Atkins RC and Tesch GH. Macrophages in 
streptozotocin-induced diabetic nephropathy: potential role in renal fibrosis. 
Nephrol Dial Transplant 19: 2987-2996, 2004. 

 18.  Clarke TR, Bain PA, Greco TL and Payne AH. A novel mouse kidney 3 beta-
hydroxysteroid dehydrogenase complementary DNA encodes a 3-ketosteroid 
reductase instead of a 3 beta- hydroxysteroid dehydrogenase/delta 5-delta 4-
isomerase. Mol Endocrinol 7: 1569-1578, 1993. 

147



 19.  Couzinet B, Meduri G, Lecce MG, Young J, Brailly S, Loosfelt H, Milgrom E 
and Schaison G. The postmenopausal ovary is not a major androgen-producing 
gland. J Clin Endocrinol Metab 86: 5060-5066, 2001. 

 20.  Debing E, Peeters E, Duquet W, Poppe K, Velkeniers B and Van den BP. 
Endogenous sex hormone levels in postmenopausal women undergoing carotid 
artery endarterectomy. Eur J Endocrinol 156: 687-693, 2007. 

 21.  Ding EL, Song Y, Malik VS and Liu S. Sex differences of endogenous sex 
hormones and risk of type 2 diabetes: a systematic review and meta-analysis. 
JAMA 295: 1288-1299, 2006. 

 22.  Ding EL, Song Y, Manson JE, Rifai N, Buring JE and Liu S. Plasma sex 
steroid hormones and risk of developing type 2 diabetes in women: a prospective 
study. Diabetologia 50: 2076-2084, 2007. 

 23.  Dixon A and Maric C. 17beta-Estradiol attenuates diabetic kidney disease by 
regulating extracellular matrix and transforming growth factor-beta protein 
expression and signaling. Am J Physiol Renal Physiol 293: F1678-F1690, 2007. 

 24.  Elliot SJ, Berho M, Korach K, Doublier S, Lupia E, Striker GE and Karl M. 
Gender-specific effects of endogenous testosterone: female alpha-estrogen 
receptor-deficient C57Bl/6J mice develop glomerulosclerosis. Kidney Int 72: 464-
472, 2007. 

 25.  Elliot SJ, Karl M, Berho M, Potier M, Zheng F, Leclercq B, Striker GE and 
Striker LJ. Estrogen Deficiency Accelerates Progression of Glomerulosclerosis 
in Susceptible Mice. Am J Pathol 162: 1441-1448, 2003. 

 26.  Ellis EN, Warady BA, Wood EG, Hassanein R, Richardson WP, Lane PH, 
Howard C, Kemp SF, Aceto T, Garibaldi L, Wiegmann TB and Savin VJ. 
Renal structural-functional relationships in early diabetes mellitus. Pediatric 
Nephrology 11: 584-591, 1997. 

 27.  Essawy M, Soylemezoglu O, Muchaneta-Kubara EC, Shortland J, Brown CB 
and El Nahas AM. Myofibroblasts and the progression of diabetic nephropathy. 
Nephrol Dial Transplant 12: 43-50, 1997. 

148



 28.  Feng Z, Plati AR, Cheng QL, Berho M, Banerjee A, Potier M, Jy Wc, Koff A, 
Striker LJ and Striker GE. Glomerular Aging in Females Is a Multi-Stage 
Reversible Process Mediated by Phenotypic Changes in Progenitors. Am J Pathol 
167: 355-363, 2005. 

 29.  Ferby I, Reschke M, Kudlacek O, Knyazev P, Pante G, Amann K, 
Sommergruber W, Kraut N, Ullrich A, Fassler R and Klein R. Mig6 is a 
negative regulator of EGF receptor-mediated skin morphogenesis and tumor 
formation. Nat Med 12: 568-573, 2006. 

 30.  Fortepiani LA, Zhang H, Racusen L, Roberts LJ and Reckelhoff JF. 
Characterization of an animal model of postmenopausal hypertension in 
spontaneously hypertensive rats. Hypertension 41: 640-645, 2003. 

 31.  Gades MD, Stern JS, van Goor H, Nguyen D, Johnson PR and Kaysen GA. 
Estrogen accelerates the development of renal disease in female obese Zucker 
rats. Kidney Int 53: 130-135, 1998. 

 32.  Golden SH, Dobs AS, Vaidya D, Szklo M, Gapstur S, Kopp P, Liu K and 
Ouyang P. Endogenous sex hormones and glucose tolerance status in 
postmenopausal women. J Clin Endocrinol Metab 92: 1289-1295, 2007. 

 33.  Goodman-Gruen D and Barrett-Connor E. Sex differences in the association 
of endogenous sex hormone levels and glucose tolerance status in older men and 
women. Diabetes Care 23: 912-918, 2000. 

 34.  Graff-Iversen S, Thelle DS and Hammar N. Serum lipids, blood pressure and 
body weight around the age of the menopause. Eur J Cardiovasc Prev Rehabil 15: 
83-88, 2008. 

 35.  Greer KA, McReynolds MR, Brooks HL and Hoying JB. CARMA: A 
platform for analyzing microarray datasets that incorporate replicate measures. 
BMC Bioinformatics 7: 149, 2006. 

 36.  Grodstein F, Manson JE and Stampfer MJ. Hormone therapy and coronary 
heart disease: the role of time since menopause and age at hormone initiation. J 
Womens Health (Larchmt ) 15: 35-44, 2006. 

149



 37.  Guo SS, Zeller C, Chumlea WC and Siervogel RM. Aging, body composition, 
and lifestyle: the Fels Longitudinal Study. Am J Clin Nutr 70: 405-411, 1999. 

 38.  Gurley SB, Clare SE, Snow KP, Hu A, Meyer TW and Coffman TM. Impact 
of Genetic Background on Nephropathy in Diabetic Mice. Am J Physiol Renal 
Physiol 00204, 2005. 

 39.  Haines L, Wan KC, Lynn R, Barrett TG and Shield JP. Rising incidence of 
type 2 diabetes in children in the U.K. Diabetes Care 30: 1097-1101, 2007. 

 40.  Hasan RN, Phukan S and Harada S. Differential regulation of early growth 
response gene-1 expression by insulin and glucose in vascular endothelial cells. 
Arterioscler Thromb Vasc Biol 23: 988-993, 2003. 

 41.  Hayden MR, Whaley-Connell A and Sowers JR. Renal redox stress and 
remodeling in metabolic syndrome, type 2 diabetes mellitus, and diabetic 
nephropathy: paying homage to the podocyte. Am J Nephrol 25: 553-569, 2005. 

 42.  Hoyer PB and Sipes IG. Assessment of follicle destruction in chemical-induced 
ovarian toxicity.  Annu Rev Pharmacol Toxicol 36: 307-331, 1996. 

 43.  Hulley S, Grady D, Bush T, Furberg C, Herrington D, Riggs B and 
Vittinghoff E. Randomized trial of estrogen plus progestin for secondary 
prevention of coronary heart disease in postmenopausal women. Heart and 
Estrogen/progestin Replacement Study (HERS) Research Group. JAMA 280: 605-
613, 1998. 

 44.  Iglesias-de la Cruz MC, Ruiz-Torres P, Alcami J, Diez-Marques L, Ortega-
Velazquez R, Chen S, Rodriguez-Puyol M, Ziyadeh FN and Rodriguez-Puyol 
D. Hydrogen peroxide increases extracellular matrix mRNA through TGF-beta in 
human mesangial cells. Kidney Int 59: 87-95, 2001. 

 45.  Iglesias-de la Cruz MC, Ziyadeh FN, Isono M, Kouahou M, Han DC, Kalluri 
R, Mundel P and Chen S. Effects of high glucose and TGF-beta1 on the 
expression of collagen IV and vascular endothelial growth factor in mouse 
podocytes. Kidney Int 62: 901-913, 2002. 

150



 46.  Jabara S, Christenson LK, Wang CY, McAllister JM, Javitt NB, Dunaif A 
and Strauss JF, III. Stromal cells of the human postmenopausal ovary display a 
distinctive biochemical and molecular phenotype. J Clin Endocrinol Metab 88: 
484-492, 2003. 

 47.  Jacobsen P, Rossing K, Tarnow L, Rossing P, Mallet C, Poirier O, Cambien 
F and Parving HH. Progression of diabetic nephropathy in normotensive type 1 
diabetic patients. Kidney Int Suppl 71: S101-S105, 1999. 

 48.  Ji H, Zheng W, Menini S, Pesce C, Kim J, Wu X, Mulroney SE and 
Sandberg K. Female protection in progressive renal disease is associated with 
estradiol attenuation of superoxide production. Gend Med 4: 56-71, 2007. 

 49.  Johnson RJ, Floege J, Yoshimura A, Iida H, Couser WG and Alpers CE. The 
activated mesangial cell: a glomerular "myofibroblast"? J Am Soc Nephrol 2: 
S190-S197, 1992. 

 50.  Kanaya AM, Herrington D, Vittinghoff E, Lin F, Grady D, Bittner V, Cauley 
JA and Barrett-Connor E. Glycemic Effects of Postmenopausal Hormone 
Therapy: The Heart and Estrogen/progestin Replacement Study: A Randomized, 
Double-Blind, Placebo-Controlled Trial. Ann Intern Med 138: 1-9, 2003. 

 51.  Kannel WB, Hjortland MC, McNamara PM and Gordon T. Menopause and 
risk of cardiovascular disease: the Framingham study. Ann Intern Med 85: 447-
452, 1976. 

 52.  Karl M, Berho M, Pignac-Kobinger J, Striker GE and Elliot SJ. Differential 
effects of continuous and intermittent 17beta-estradiol replacement and tamoxifen 
therapy on the prevention of glomerulosclerosis: modulation of the mesangial cell 
phenotype in vivo. Am J Pathol 169: 351-361, 2006. 

 53.  Katz A, Caramori ML, Sisson-Ross S, Groppoli T, Basgen JM and Mauer M. 
An increase in the cell component of the cortical interstitium antedates interstitial 
fibrosis in type 1 diabetic patients. Kidney Int 61: 2058-2066, 2002. 

 54.  Kerr MK, Martin M and Churchill GA. Analysis of variance for gene 
expression microarray data. J Comput Biol 7: 819-837, 2000. 

151



 55.  Khatibi A, Agardh CD, Nyberg P, Lidfeldt J and Samsioe G. Blood pressure 
in middle-aged women: are androgens involved? A population-based study of 
Swedish women: the Women's Health in the Lund Area study. J Hypertens 25: 
2044-2050, 2007. 

 56.  Kim HW, Kim BC, Song CY, Kim JH, Hong HK and Lee HS. Heterozygous 
mice for TGFIIR gene are resistant to the progression of streptozotocin-induced 
diabetic nephropathy. Kidney Int 66: 1859-1865, 2004. 

 57.  Kobayashi T, Inoue T, Okada H, Kikuta T, Kanno Y, Nishida T, Takigawa 
M, Sugaya T and Suzuki H. Connective tissue growth factor mediates the 
profibrotic effects of transforming growth factor-beta produced by tubular 
epithelial cells in response to high glucose. Clin Exp Nephrol 9: 114-121, 2005. 

 58.  Koh KK and Sakuma I. Should progestins be blamed for the failure of hormone 
replacement therapy to reduce cardiovascular events in randomized controlled 
trials? Arterioscler Thromb Vasc Biol 24: 1171-1179, 2004. 

 59.  Korytkowski MT, Krug EI, Daly MA, Deriso L, Wilson JW and Winters SJ. 
Does androgen excess contribute to the cardiovascular risk profile in 
postmenopausal women with type 2 diabetes? Metabolism 54: 1626-1631, 2005. 

 60.  Kosugi T, Yuzawa Y, Sato W, Kawai H, Matsuo S, Takei Y, Muramatsu T 
and Kadomatsu K. Growth Factor Midkine Is Involved in the Pathogenesis of 
Diabetic Nephropathy. Am J Pathol 168: 9-19, 2006. 

 61.  Kwan G, Neugarten J, Sherman M, Ding Q, Fotadar U, Lei J and Silbiger S. 
Effects of sex hormones on mesangial cell proliferation and collagen synthesis. 
Kidney Int 50: 1173-1179, 1996. 

 62.  Lane PH, Snelling DM, Babushkina-Patz N and Langer WJ. Sex differences 
in the renal transforming growth factor-+¦1 system after puberty. Pediatric 
Nephrology 16: 61-68, 2001. 

 63.  Laughlin GA, Barrett-Connor E, Kritz-Silverstein D and von Muhlen D. 
Hysterectomy, oophorectomy, and endogenous sex hormone levels in older 
women: the Rancho Bernardo Study. J Clin Endocrinol Metab 85: 645-651, 2000. 

152



 64.  Le May C, Chu K, Hu M, Ortega CS, Simpson ER, Korach KS, Tsai MJ and 
Mauvais-Jarvis F. Estrogens protect pancreatic beta-cells from apoptosis and 
prevent insulin-deficient diabetes mellitus in mice. PNAS 103: 9232-9237, 2006. 

 65.  Lei J, Silbiger S, Ziyadeh FN and Neugarten J. Serum-stimulated alpha 1 type 
IV collagen gene transcription is mediated by TGF-beta and inhibited by 
estradiol. Am J Physiol Renal Physiol 274: F252-F258, 1998. 

 66.  Lekgabe ED, Royce SG, Hewitson TD, Tang ML, Zhao C, Moore XL, 
Tregear GW, Bathgate RA, Du XJ and Samuel CS. The effects of relaxin and 
estrogen deficiency on collagen deposition and hypertrophy of nonreproductive 
organs. Endocrinology 147: 5575-5583, 2006. 

 67.  Lipscombe LL and Hux JE. Trends in diabetes prevalence, incidence, and 
mortality in Ontario, Canada 1995-2005: a population-based study. Lancet 369: 
750-756, 2007. 

 68.  Livak KJ and Schmittgen TD. Analysis of Relative Gene Expression Data 
Using Real-Time Quantitative PCR and the 2-[Delta][Delta]CT Method. Methods 
25: 402-408, 2001. 

 69.  Lohff JC, Christian PJ, Marion SL and Hoyer PB. Effect of duration of dosing 
on onset of ovarian failure in a chemical-induced mouse model of perimenopause. 
Menopause 13: 482-488, 2006. 

 70.  Lovegrove AS, Sun J, Gould KA, Lubahn DB, Korach KS and Lane PH. 
Estrogen receptor {alpha}-mediated events promote sex-specific diabetic 
glomerular hypertrophy. Am J Physiol Renal Physiol 287: F586-F591, 2004. 

 71.  Maeda M, Yabuki A, Suzuki S, Matsumoto M, Taniguchi K and 
Nishinakagawa H. Renal Lesions in Spontaneous Insulin-dependent Diabetes 
Mellitus in the Nonobese Diabetic Mouse: Acute Phase of Diabetes. Vet Pathol 
40: 187-195, 2003. 

 72.  Mainous AG, III, Baker R, Koopman RJ, Saxena S, Diaz VA, Everett CJ and 
Majeed A. Impact of the population at risk of diabetes on projections of diabetes 
burden in the United States: an epidemic on the way. Diabetologia 50: 934-940, 
2007. 

153



 73.  Mankhey RW, Bhatti F and Maric C. 17{beta}-Estradiol replacement improves 
renal function and pathology associated with diabetic nephropathy. Am J Physiol 
Renal Physiol 288: F399-F405, 2005. 

 74.  Mankhey RW, Wells CC, Bhatti F and Maric C. 17{beta}-estradiol 
supplementation reduces tubulointerstitial fibrosis by increasing MMP activity in 
the diabetic kidney. Am J Physiol Regul Integr Comp Physiol 00375, 2006. 

 75.  Manson JE, Allison MA, Rossouw JE, Carr JJ, Langer RD, Hsia J, Kuller 
LH, Cochrane BB, Hunt JR, Ludlam SE, Pettinger MB, Gass M, Margolis 
KL, Nathan L, Ockene JK, Prentice RL, Robbins J and Stefanick ML. 
Estrogen therapy and coronary-artery calcification.  N Engl J Med 356: 2591-
2602, 2007. 

 76.  Margolis KL, Bonds DE, Rodabough RJ, Tinker L, Phillips LS, Allen C, 
Bassford T, Burke G, Torrens J and Howard BV. Effect of oestrogen plus 
progestin on the incidence of diabetes in postmenopausal women: results from the 
Women's Health Initiative Hormone Trial. Diabetologia 47: 1175-1187, 2004. 

 77.  Maric C, Sandberg K and Hinojosa-Laborde C. Glomerulosclerosis and 
Tubulointerstitial Fibrosis are Attenuated with 17{beta}-Estradiol in the Aging 
Dahl Salt Sensitive Rat. J Am Soc Nephrol 15: 1546-1556, 2004. 

 78.  Markle RA, Hollis TM and Cosgarea AJ. Renal histamine increases in the 
streptozotocin-diabetic rat. Exp Mol Pathol 44: 21-28, 1986. 

 79.  Matthews KA, Santoro N, Lasley B, Chang Y, Crawford S, Pasternak RC, 
Sutton-Tyrrell K and Sowers M. Relation of Cardiovascular Risk Factors in 
Women Approaching Menopause to Menstrual Cycle Characteristics and 
Reproductive Hormones in the Follicular and Luteal Phases. J Clin Endocrinol 
Metab 91: 1789-1795, 2006. 

 80.  Mayer LP, Devine PJ, Dyer CA and Hoyer PB. The Follicle-Deplete Mouse 
Ovary Produces Androgen. Biol Reprod 71: 130-138, 2004. 

 81.  McReynolds MR, Taylor-Garcia KM, Greer KA, Hoying JB and Brooks HL. 
Renal medullary gene expression in aquaporin-1 null mice. Am J Physiol Renal 
Physiol 288: F315-F321, 2005. 

154



 82.  Michael E.Carley, David JR, John BG, Maurice JW, Karl CP and Thomas 
CS. Distribution of estrogen receptors +¦ and +¦ mRNA in mouse urogenital 
tissues and their expression after oophorectomy and estrogen replacement. 
International Urogynecology Journal and Pelvic Floor Dysfunction 14: 141-145, 
2003. 

 83.  Middleton RJ and Bulfield G. Steroid regulation of kidney histidine 
decarboxylase and ornithine decarboxylase levels in mouse kidney: effects of the 
mutation testicular feminization, Tfm. Comp Biochem Physiol B 90: 221-225, 
1988. 

 84.  Mogensen CE, Osterby R and Gundersen HJ. Early functional and 
morphologic vascular renal consequences of the diabetic state. Diabetologia 17: 
71-76, 1979. 

 85.  Mulroney SE, Woda C, Johnson M and Pesce C. Gender differences in renal 
growth and function after uninephrectomy in adult rats. 56: 944-953, 1999. 

 86.  Neugarten J, Acharya A and Silbiger SR. Effect of gender on the progression 
of nondiabetic renal disease: a meta-analysis. J Am Soc Nephrol 11: 319-329, 
2000. 

 87.  Neugarten J, Medve I, Lei J and Silbiger SR. Estradiol suppresses mesangial 
cell type I collagen synthesis via activation of the MAP kinase cascade. Am J 
Physiol Renal Physiol 277: F875-F881, 1999. 

 88.  Nyengaard JR, Flyvbjerg A and Rasch R. The impact of renal growth, 
regression and regrowth in experimental diabetes mellitus on number and size of 
proximal and distal tubular cells in the rat kidney. Diabetologia V36: 1126-1131, 
1993. 

 89.  Oger E, Alhenc-Gelas M, Lacut K, Blouch MT, Roudaut N, Kerlan V, Collet 
M, Abgrall JF, Aiach M, Scarabin PY and Mottier D. Differential effects of 
oral and transdermal estrogen/progesterone regimens on sensitivity to activated 
protein C among postmenopausal women: a randomized trial. Arterioscler 
Thromb Vasc Biol 23: 1671-1676, 2003. 

155



 90.  Orchard TJ, Dorman JS, Maser RE, Becker DJ, Drash AL, Ellis D, LaPorte 
RE and Kuller LH. Prevalence of complications in IDDM by sex and duration. 
Pittsburgh Epidemiology of Diabetes Complications Study II. Diabetes 39: 1116-
1124, 1990. 

 91.  Osterby R and Gundersen HJ. Glomerular size and structure in diabetes 
mellitus. I. Early abnormalities. Diabetologia 11: 225-229, 1975. 

 92.  Ouar Z, Sole E, Bens M, Rafestin-Oblin ME, Meseguer A and Vandewalle A. 
Pleiotropic effects of dihydrotestosterone in immortalized mouse proximal tubule 
cells. Kidney Int 53: 59-66, 1998. 

 93.  Parving H, Mauer SM and Ritz E . Diabetic Nephropathy. In: The Kidney, 
edited by Brenner BM.  Philadelphia: Saunders, 2004, p. 1777-1818. 

 94.  Peterson R.G., Shaw WN, Neel M, Little LA and Eichberg J. Zucker Diabetic 
Fatty Rat as a Model for Non-insulin-dependent Diabetes Mellitus. ILAR Journal 
32: 1990. 

 95.  Phillips GB, Tuck CH, Jing TY, Boden-Albala B, Lin IF, Dahodwala N and 
Sacco RL. Association of hyperandrogenemia and hyperestrogenemia with type 2 
diabetes in Hispanic postmenopausal women. Diabetes Care 23: 74-79, 2000. 

 96.  Picardi A, Cipponeri E, Bizzarri C, Fallucca S, Guglielmi C and Pozzilli P. 
Menarche in type 1 diabetes is still delayed despite good metabolic control. Fertil 
Steril 2008. 

 97.  Pighin D, Karabatas L, Pastorale C, Dascal E, Carbone C, Chicco A, 
Lombardo YB and Basabe JC. Role of lipids in the early developmental stages 
of experimental immune diabetes induced by multiple low-dose streptozotocin. J 
Appl Physiol 98: 1064-1069, 2005. 

 98.  Pines J. Cell cycle: reaching for a role for the Cks proteins. Curr Biol 6: 1399-
1402, 1996. 

156



 99.  Potier M, Elliot SJ, Tack I, Lenz O, Striker GE, Striker LJ and Karl M. 
Expression and Regulation of Estrogen Receptors in Mesangial Cells: Influence 
on Matrix Metalloproteinase-9. J Am Soc Nephrol 12: 241-251, 2001. 

 100.  Potier M, Karl M, Zheng F, Elliot SJ, Striker GE and Striker LJ. Estrogen-
Related Abnormalities in Glomerulosclerosis-Prone Mice: Reduced Mesangial 
Cell Estrogen Receptor Expression and Prosclerotic Response to Estrogens. Am J 
Pathol 160: 1877-1885, 2002. 

 101.  Qi Z, Fujita H, Jin J, Davis LS, Wang Y, Fogo AB and Breyer MD. 
Characterization of susceptibility of inbred mouse strains to diabetic nephropathy. 
Diabetes 54: 2628-2637, 2005. 

 102.  Quinkler M, Johanssen S, Bumke-Vogt C, Oelkers W, Bahr V and Diederich 
S. Enzyme-mediated protection of the mineralocorticoid receptor against 
progesterone in the human kidney. Molecular and Cellular Endocrinology 171: 
21-24, 2001. 

 103.  Rajapaksa KS, Cannady EA, Sipes IG and Hoyer PB. Involvement of CYP 
2E1 enzyme in ovotoxicity caused by 4-vinylcyclohexene and its metabolites. 
Toxicol Appl Pharmacol 221: 215-221, 2007. 

 104.  Reckelhoff JF, Yanes LL, Iliescu R, Fortepiani LA and Granger JP. 
Testosterone supplementation in aging men and women: possible impact on 
cardiovascular-renal disease. Am J Physiol Renal Physiol 289: F941-F948, 2005. 

 105.  Resnick HE and Howard BV. DIABETES AND CARDIOVASCULAR 
DISEASE. Annual Review of Medicine 53: 245-267, 2002. 

 106.  Riazi S, Maric C and Ecelbarger CA. 17-[beta] Estradiol attenuates 
streptozotocin-induced diabetes and regulates the expression of renal sodium 
transporters. Kidney Int 69: 471-480, 2006. 

 107.  Rossini AA, Williams RM, Appel MC and Like AA. Sex differences in the 
multiple-dose streptozotocin model of diabetes. Endocrinology 103: 1518-1520, 
1978. 

157



 108.  Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C, 
Stefanick ML, Jackson RD, Beresford SA, Howard BV, Johnson KC, 
Kotchen JM and Ockene J. Risks and benefits of estrogen plus progestin in 
healthy postmenopausal women: principal results From the Women's Health 
Initiative randomized controlled trial. JAMA 288: 321-333, 2002. 

 109.  Rossouw JE, Prentice RL, Manson JE, Wu L, Barad D, Barnabei VM, Ko M, 
LaCroix AZ, Margolis KL and Stefanick ML. Postmenopausal hormone 
therapy and risk of cardiovascular disease by age and years since menopause. 
JAMA 297: 1465-1477, 2007. 

 110.  Rozen S and Skaletsky H. Primer3 on the WWW for general users and for 
biologist programmers. Methods Mol Biol 132: 365-386, 2000. 

 111.  Saito T, Sumithran E, Glasgow EF and Atkins RC. The enhancement of 
aminonucleoside nephrosis by the co-administration of protamine. Kidney Int 32: 
691-699, 1987. 

 112.  Salpeter SR, Walsh JM, Ormiston TM, Greyber E, Buckley NS and Salpeter 
EE. Meta-analysis: effect of hormone-replacement therapy on components of the 
metabolic syndrome in postmenopausal women. Diabetes Obes Metab 8: 538-
554, 2006. 

 113.  Sanai T, Sobka T, Johnson T, El Essawy M, Muchaneta-Kubara EC, Ben 
Gharbia O, Oldroyd S and El Nahas AM. Expression of cytoskeletal proteins 
during the course of experimental diabetic nephropathy. Diabetologia 43: 91-100, 
2000. 

 114.  Santoro N, Brown JR, Adel T and Skurnick JH. Characterization of 
reproductive hormonal dynamics in the perimenopause. J Clin Endocrinol Metab 
81: 1495-1501, 1996. 

 115.  Satriano J. Kidney growth, hypertrophy and the unifying mechanism of diabetic 
complications. Amino Acids 2007. 

 116.  Schena FP and Gesualdo L. Pathogenetic Mechanisms of Diabetic Nephropathy. 
J Am Soc Nephrol 16: S30-S33, 2005. 

158



 117.  Schmidt JW, Wollner D, Curcio J, Riedlinger J and Kim LS. Hormone 
replacement therapy in menopausal women: Past problems and future 
possibilities. Gynecol Endocrinol 22: 564-577, 2006. 

 118.  Schrijvers BF, De Vriese AS and Flyvbjerg A. From Hyperglycemia to 
Diabetic Kidney Disease: The Role of Metabolic, Hemodynamic, Intracellular 
Factors and Growth Factors/Cytokines. Endocr Rev 25: 971-1010, 2004. 

 119.  Seliger SL, Davis C and Stehman-Breen C. Gender and the progression of renal 
disease. Curr Opin Nephrol Hypertens 10: 219-225, 2001. 

 120.  Sharma K, McCue P and Dunn SR . Diabetic kidney disease in the db/db 
mouse. Am J Physiol Renal Physiol 284: F1138-F1144, 2003. 

 121.  Sharma PK and Thakur MK. Estrogen receptor <i>+¦</i> expression in mice 
kidney shows sex differences during aging. Biogerontology 5: 375-381, 2004. 

 122.  Silveira LA, Bacchi CE, Pinto GA and De Faria JB. The genetics of 
hypertension modifies the renal cell replication response induced by experimental 
diabetes. Diabetes 51: 1529-1534, 2002. 

 123.  Sowers MR, Wildman RP, Mancuso P, Eyvazzadeh AD, Karvonen-Gutierrez 
CA, Rillamas-Sun E and Jannausch ML. Change in adipocytokines and ghrelin 
with menopause. Maturitas 59: 149-157, 2008. 

 124.  Stevenson FT, Wheeldon CM, Gades MD, Kaysen GA, Stern JS and van 
Goor H. Estrogen worsens incipient hypertriglyceridemic glomerular injury in the 
obese Zucker rat. 57: 1927-1935, 2000. 

 125.  Strotmeyer ES, Steenkiste AR, Foley TP, Jr., Berga SL and Dorman JS. 
Menstrual cycle differences between women with type 1 diabetes and women 
without diabetes. Diabetes Care 26: 1016-1021, 2003. 

 126.  Sun J, Devish K, Langer WJ, Carmines P and Lane PH. Testosterone 
treatment promotes tubular damage in experimental diabetes in pre-pubertal rats. 
Am J Physiol Renal Physiol 00482, 2007. 

159



 127.  Susztak K, Bottinger E, Novetsky A, Liang D, Zhu Y, Ciccone E, Wu D, 
Dunn S, McCue P and Sharma K. Molecular Profiling of Diabetic Mouse 
Kidney Reveals Novel Genes Linked to Glomerular Disease. Diabetes 53: 784-
794, 2004. 

 128.  Thiel G and Cibelli G. Regulation of life and death by the zinc finger 
transcription factor Egr-1. J Cell Physiol 193: 287-292, 2002. 

 129.  Tryggvason K and Pettersson E . Causes and consequences of proteinuria: the 
kidney filtration barrier and progressive renal failure. Journal of Internal 
Medicine 254: 216-224, 2003. 

 130.  Ushiroyama T and Sugimoto O. Endocrine function of the peri- and 
postmenopausal ovary. Horm Res 44: 64-68, 1995. 

 131.  Wada J, Zhang H, Tsuchiyama Y, Hiragushi K, Hida K, Shikata K, Kanwar 
YS and Makino H. Gene expression profile in streptozotocin-induced diabetic 
mice kidneys undergoing glomerulosclerosis. Kidney Int 59: 1363-1373, 2001. 

 132.  Wajchenberg BL, Sabbaga E and Fonseca JA. The natural history of diabetic 
nephropathy in type I diabetes and the role of metabolic control in its prevention, 
reversibility and clinical course. Acta Diabetol Lat 20: 1-18, 1983. 

 133.  Wang A, Ziyadeh FN, Lee EY, Pyagay PE, Sung SH, Sheardown SA, Laping 
NJ and Chen S. Interference with TGF-beta signaling by Smad3-knockout in 
mice limits diabetic glomerulosclerosis without affecting albuminuria. Am J 
Physiol Renal Physiol 293: F1657-F1665, 2007. 

 134.  Wang JW, Howson J, Haller E and Kerr WG. Identification of a Novel 
Lipopolysaccharide-Inducible Gene with Key Features of Both a Kinase Anchor 
Proteins and chs1/beige Proteins. J Immunol 166: 4586-4595, 2001. 

 135.  Wei P, Lane PH, Lane JT, Padanilam BJ and Sansom SC. Glomerular 
structural and functional changes in a high-fat diet mouse model of early-stage 
Type 2 diabetes. Diabetologia 47: 1541-1549, 2004. 

160



 136.  Wells CC, Riazi S, Mankhey RW, Bhatti F, Ecelbarger C and Maric C. 
Diabetic nephropathy is associated with decreasedcirculating estradiol levels and 
imbalance in the expression of renal estrogen receptors. Gender Medicine 2: 227-
237, 2005. 

 137.  Whiteman MK, Hillis SD, Jamieson DJ, Morrow B, Podgornik MN, Brett 
KM and Marchbanks PA. Inpatient hysterectomy surveillance in the United 
States, 2000-2004. Am J Obstet Gynecol 198: 34-37, 2008. 

 138.  Wild S, Roglic G, Green A, Sicree R and King H. Global prevalence of 
diabetes: estimates for the year 2000 and projections for 2030. Diabetes Care 27: 
1047-1053, 2004. 

 139.  Wild SH and Forouhi NG. What is the scale of the future diabetes epidemic, and 
how certain are we about it? Diabetologia 50: 903-905, 2007. 

 140.  Williams JK. A mouse model of the perimenopausal transition: importance for 
cardiovascular research. Arterioscler Thromb Vasc Biol 25: 1765-1766, 2005. 

 141.  Wolf G. Cell cycle regulation in diabetic nephropathy. Kidney Int Suppl 77: S59-
S66, 2000. 

 142.  Wolf G and Ziyadeh FN. Molecular mechanisms of diabetic renal hypertrophy. 
Kidney Int 56: 393-405, 1999. 

 143.  Wong DW, Oudit GY, Reich H, Kassiri Z, Zhou J, Liu QC, Backx PH, 
Penninger JM, Herzenberg AM and Scholey JW. Loss of Angiotensin-
Converting Enzyme-2 (Ace2) Accelerates Diabetic Kidney Injury. Am J Pathol 
2007. 

 144.  Wu MX. Roles of the stress-induced gene IEX-1 in regulation of cell death and 
oncogenesis. Apoptosis 8: 11-18, 2003. 

 145.  Xiao S, Gillespie DG, Baylis C, Jackson EK and Dubey RK. Effects of 
Estradiol and Its Metabolites on Glomerular Endothelial Nitric Oxide Synthesis 
and Mesangial Cell Growth. Hypertension 37: 645-650, 2001. 

161



 146.  Yeshaya A, Orvieto R, Dicker D, Karp M and Ben Rafael Z. Menstrual 
characteristics of women suffering from insulin-dependent diabetes mellitus. Int J 
Fertil Menopausal Stud 40: 269-273, 1995. 

 147.  Yonemoto S, Machiguchi T, Nomura K, Minakata T, Nanno M and Yoshida 
H. Correlations of tissue macrophages and cytoskeletal protein expression with 
renal fibrosis in patients with diabetes mellitus. Clin Exp Nephrol 10: 186-192, 
2006. 

 148.  Zeng XR, Jiang Y, Zhang SJ, Hao H and Lee MY. DNA polymerase delta is 
involved in the cellular response to UV damage in human cells. J Biol Chem 269: 
13748-13751, 1994. 

 149.  Zent R, Yan X, Su Y, Hudson BG, Borza DB, Moeckel GW, Qi Z, Sado Y, 
Breyer MD, Voziyan P and Pozzi A. Glomerular injury is exacerbated in 
diabetic integrin alpha1-null mice. Kidney Int 70: 460-470, 2006. 

 150.  Zhang L, Rees MC and Bicknell R. The isolation and long-term culture of 
normal human endometrial epithelium and stroma. Expression of mRNAs for 
angiogenic polypeptides basally and on oestrogen and progesterone challenges. J 
Cell Sci 108: 323-331, 1995. 

 151.  Zheng F, Plati AR, Potier M, Schulman Y, Berho M, Banerjee A, Leclercq B, 
Zisman A, Striker LJ and Striker GE . Resistance to Glomerulosclerosis in B6 
Mice Disappears after Menopause. Am J Pathol 162: 1339-1348, 2003. 

 152.  Ziyadeh FN, Sharma K, Ericksen M and Wolf G. Stimulation of collagen gene 
expression and protein synthesis in murine mesangial cells by high glucose is 
mediated by autocrine activation of transforming growth factor-beta. J Clin Invest 
93: 536-542, 1994. 

 153.  Ziyadeh FN, Snipes ER, Watanabe M, Alvarez RJ, Goldfarb S and Haverty 
TP. High glucose induces cell hypertrophy and stimulates collagen gene 
transcription in proximal tubule.  Am J Physiol Renal Physiol 259: F704-F714, 
1990. 

162




