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Abstract
Background: Sex differences in renal function are well known. The purpose of this
study was to determine if sex differences in urinary protein excretion (PE) occur in mice
consuming a high protein diet and to investigate the potential roles of the sex steroids
estrogen (E2) and testosterone (T).
Methods: Four experiments each with the same procedure were conducted. The first
included intact male (IM) and castrated (CAS) male mice (n=6/group), second included
intact female (IF) and ovariectomized (OVX) female mice (n=6/group), third included IF,
OVX treated with placebo (P), and OVX treated with estrogen (E2) mice (n=4/group),
and fourth included IM, CAS treated with P, and CAS treated with T mice (n=4/group).
All mice were placed in metabolic cages and consumed a high protein diet for 25 days.
PE (mg/day) was determined from the measurement of total protein in a 24-hr urine
collection from each mouse. PE was measured on days 2, 7, 14, 21, and 25 and values
were averaged per group.
Results: When averaged for 25 days, PE for IM mice was higher than for CAS mice
(20.8 ± 2.2 vs 5.4 ± 1.2, respectively, p < 0.001). PE was not different between IF and
OVX mice (7.7 ± 1.1 vs 5.3 ± 2.3, respectively). PE was not different between IF, OVXP, and OVX-E2 mice (7.1 ± 2.5 vs 5.2 ± 1.0 vs 6.5 ± 1.0, respectively). PE for IM mice
was not different than for CAS-T mice (18.2 ± 2.9 vs 20.7 ± 2.2, respectively) and both
were higher than CAS-P mice (5.1 ± 1.0, p < 0.001).
Conclusions: Testosterone induces proteinuria in mice consuming high protein whereas
E2 plays no role or only a minor role in proteinuria under these experimental conditions.
Our results suggest that androgens may account for the higher incidence of kidney
disease in males compared to age-matched, premenopausal females.
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Introduction
The obesity epidemic is a global health concern and presents significant challenges for
the medical profession. While many factors contribute to this growing epidemic,
personal life-style choices related to physical activity and dietary manipulation
undoubtedly are key to reducing the incidence of obesity 1. Major comorbidities
associated with obesity involve pathologies of the cardiovascular and renal systems.
Interestingly, research has demonstrated the effectiveness of high protein (HP) diets on
weight reduction 2-4. Consequently, diets known for low carbohydrate and elevated
protein, such as the Atkins and Keto diets, have become quite popular.
While HP ingestion might prove beneficial with weight reduction, it also increases the
workload of the renal system 3,5,6. The body does not store elevated ingested protein as
occurs with elevated lipid and carbohydrate ingestion. Metabolism of ingested protein,
primarily in the liver, results in products destined for renal excretion, particularly urea
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and amino acids. In this process glomerular filtration and the urinary concentrating
mechanism increase in activity thus increasing the metabolic work of the kidney. High
protein consumption results in kidney hypertrophy, and potential renal injury 7-12. It
should be noted that the source of dietary protein might be important with respect to
specific kidney function and potential pathologies. For example, soy and whey sources
might be preferable compared to casein and animal protein13-15.
Biological men have a higher incidence of renal disease than age-matched,
premenopausal biological women and moreover, when controlling for all other risk
factors, male biology is associated with faster progression of renal disease 6.
Interestingly, postmenopausal biological females also appear to lose their renoprotection
16,17
. Relationships between the progression of renal disease and the presence of
testosterone, or the absence of estrogen, or the altered ratio of androgen-to-estrogen
remain undetermined.
As the ingestion of HP diets and the impact of sex hormones may independently enhance
the progression of renal disease, it becomes important to study these two factors in
combination especially now with more people ingesting HP diets to combat obesity. The
purpose of this study was to determine if biological sex differences impact proteinuria in
mice consuming a HP diet. In addition, we investigated the role of the major sex steroid
hormones estrogen and testosterone on these differences. Based on previous studies
regarding the renal excretion of total protein in rodents 18-20 and the current consensus
that estrogen protects against renal disease while testosterone promotes opposite effects
21-31
, we hypothesized that estrogen replacement in ovariectomized female mice and
testosterone replacement in castrated male mice would decrease and increase protein
excretion (PE), respectively.
Methods
This study was designed to investigate potential sex differences, the potential roles of
estrogen and testosterone, and impact of increased dietary protein ingestion on the rates
of renal PE in mice. This study was conducted to answer the following questions: 1) do
sex differences regarding PE exist in mice consuming a HP diet; 2) does estrogen play a
role in preventing excessive PE; and 3) does testosterone play a role in promoting
excessive PE.
Male and female mice (Hsd:ICR (CD-1®)) at 30-35 day old and 20-30 g body weight
were purchased from Envigo, Inc. (Indianapolis, IN). Envigo technicians performed the
ovariectomy and castration 10-14 days prior to the studies. Upon arrival to the
institution’s animal facilities, mice were placed in plastic cages under standard conditions
for 4-7 days with standard rodent chow (Harlan Teklad 18% protein) and water before
being placed in metabolic cages. The Oklahoma State University Center for Health
Sciences Institutional Animal Care and Use Committee approved all experimental
procedures with animals.
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Experiments were conducted with mice in metabolic cages. Daily measurements
included body weight, food and water intake, urine volume (UV), and urine protein level
via dipstick. Total protein concentration in the urine was measured at the OSU-CHS
Medical Center via a colorimetric method using an Olympus AU400TM analyzer. Renal
protein excretion (PE, mg/day) was determined by multiplying the total protein
concentration (mg/ml) in the urine by the UV (ml/day). Upon entering metabolic cages,
all mice consumed a high - 40% protein diet (Teklad Custom Diet, Envigo, TD.90018)
with water ad libitum throughout the experimental protocols. Constituents (g/Kg) of this
diet included casein (460), sucrose (232), corn starch (200), corn oil (50), cellulose (15),
calcium phosphate (9.6), calcium carbonate 10.2, and a vitamin mix (10).
Four experiments were conducted. The first included 6 intact males (IM) and 6 castrated
males (CAS). The second included 6 intact females (IF) and 6 ovariectomized females
(OVX). The third included 4 IF, 4 OVX mice treated with P, and 4 OVX mice treated
with exogenous estrogen (E2). The fourth included 4 IM, 4 CAS mice treated with P,
and 4 CAS mice treated with exogenous testosterone (T). Experiments lasted 25 days
and PE was measured on days 2, 7, 14, 21, and 25. Treatments involved specialized
pellets (placebo, 0.7 mg E2, or 25 mg testosterone) implanted subcutaneously to provide
continuous hormone release producing physiological levels of E2 and T. (Innovative
Research of America, Sarasota, FL).
At the end of each experiment mice were sacrificed via isoflurane anesthesia followed by
cervical dislocation. Kidneys were removed and weighed to determine kidney-to-body
weight.
Statistics: Repeated measures ANOVA using Graphpad Prism 9.0 were used to
determine differences in PE by measuring the mean PE of each group at each time point.
One-way ANOVA was used for comparisons of kidney-to-body weight differences
between groups.
Results
Figure 1 shows the average daily food intake of mice from the four experiments.
Average food intake and thus protein intake did not differ between groups in any
experiment.
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Figure 1. Food intake was not different between groups of mice in any experiment
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Figure 1. Average daily food intake of each experiment: A) IF and OVX mice, B) IM and CAS
mice, C) IF, OVX-P, and OVX-E2 mice, and D) IM, CAS-P, and CAS-T mice. No differences in
food intake were measured between groups in any experiment. Analysis conducted via one-way
ANOVA.
Figure 2 shows PE data from each experiment. Experiment 1: IF mice showed non-significantly
higher PE than OVX mice except in week 3 where IF PE was significantly higher. Experiment 2:
IM mice showed significantly higher PE than CAS mice. Experiment 3: No differences in PE
occurred between IF, OVX-P, and OVX-E2 mice. Experiment 4: IM mice and CAS-T mice
showed similarly high PE which were significantly higher than CAS-P mice.
Figure 2. IM mice show higher PE than CAS mice and exogenous
testosterone increases PE in CAS mice under high protein ingestion
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Figure 2. Renal PE (mg/day, mean ± se) of each week from each experiment. A) IF mice
had non-significantly higher PE than OVX mice except in the third week where IF mice had
significantly higher PE (*p<0.05). B) IM mice had significantly higher PE compared to CAS
mice throughout the study, (**p<0.01, ***p<0.001). C) No differences in PE were measured
between IF, OVX-P, or OVX-E2 mice. D) IM and CAS-T mice had significantly higher PE
than CAS-P mice throughout the study. (*p<0.05, **p<0.01). Data analyzed via repeated
measures ANOVA.

6

Table 1. PE (mg/day, mean ± se) from each week of each experiment
A

B

Week

IF

OVX

Week

IM

CAS

1

3.8 ± 1.0

2.5 ± 1.1

1

5.5 ± 1.0

4.1 ± 0.8

2

8.4 ± 1.1

6.8 ± 1.6

2

15.2 ± 1.1** 5.1 ± 1.3

3

8.9 ± 1.0* 5.0 ± 1.0

3

27.2 ± 1.5*** 6.3 ± 2.0

4

8.9 ± 1.3

6.8 ± 2.3

4

25.0 ± 1.0*** 5.0 ± 1.3

5

8.3 ± 2.5

5.6 ± 1.1

5

31.0 ± 1.3*** 5.9 ± 1.1

C
Week

IF

D
OVX-P

OVX-E2

1

4.7 ± 0.8 3.3 ± 0.9 3.7 ± 1.0

2

5.7 ± 0.7 5.0 ± 0.8 4.8 ± 0.8

3

9.2 ± 1.9 6.8 ± 1.1 9.0 ± 1.5

4

8.2 ± 1.7 7.1 ± 2.9 7.8 ± 1.6

5

7.9 ± 1.5 4.9 ± 0.9 7.1 ± 1.9

Week

IM

CAS-P

CAS-T

1

8.5 ± 2.0

3.4 ± 1.0*

8.2 ± 1.4

2

22.5 ± 1.8 7.8 ± 0.8** 26.3 ± 3.7

3

20.7 ± 3.2 7.8 ± 1.8** 26.3 ± 3.7

4

24.3 ± 5.8 4.9 ± 1.9** 23.5 ± 3.7

5

22.6 ± 3.0 4.3 ± 0.9** 23.5 ± 3.5

Table provides mean ± se of PE (mg/day) results from each weekly measurement period of each
experiment shown in figure 2 (Table 1A – Figure 2A; Table 1B – Figure 2B; Table 1C – Figure
2C, and Table 1D – Figure 2D). (Table 1A: IF>OVX, *p<0.05), (Table 1B: IM>CAS, **p<0.01
& ***p<0.001), (Table 1D: IM & CAS-T > CAS-P, *p<0.05 & **p<0.01) All significant
differences were determined via repeated measures ANOVA.
Figure 3 shows the ratio of kidney weight-to-body weight of each group from
experiments 3 and 4. CAS-P mice had the lowest values which were not different from
those of the female groups where no differences were measured. CAS-T mice had the
highest values.
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Figure 3. Kidney-to-Body Weight Ratio in Male and Female Mice

Figure 3. Ratio of kidney weight-to-body weight. No differences were measured in female
mice. IM mice had higher values than CAS+P mice (p<0.010) and CAS+T mice had higher
values than IM (p<0.001) and CAS+P mice (p<0.0001). Analyzed via one-way ANOVA.
Discussion
Biological males have a higher incidence of renal disease than age-matched
premenopausal biological females and diseased kidneys in both sexes worsen
progressively faster in biological males 19,32-34. The underlying mechanisms of these sex
differences and pathological effects are not completely understood, but it is widely
accepted that sex steroids have important roles. Renoprotection in premenopausal
biological females suggests that estrogen provides protection and/or testosterone induces
potential harm.
Excessive proteinuria is one of the major indicators of kidney disease. Normal kidneys
prevent most protein from filtering through the glomerulus and that which does filter
through gets metabolized by the nephron 35. Thus, only very small amounts of protein
normally appear in the urine. Diets high in protein and low in carbohydrate have become
popular in combating obesity. Elevated protein ingestion changes renal function
particularly with respect to increased glomerular filtration and urinary concentration 6,7,11.
Our first experiment showed that IF mice had slightly higher, though for the most part,
not significantly different PE compared to OVX mice. The most obvious difference in
PE resulted from experiments with male mice. IM mice demonstrated significantly
higher PE compared to CAS mice. Comparison of PE between CAS mice with either the
IF or OVX mice showed no significant differences.
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Results from the first two experiments suggested that testosterone plays a role in PE in
male mice but did not provide much support for any role of estrogen in female mice. We
conducted two more experiments where we included intact, gonadectomized, and
gonadectomized mice with exogenous E2 and T administration in females and males,
respectively. The administration of E2 to OVX mice had no effect on PE when compared
to the IF and OVX-P mice. However, administration of T to CAS mice resulted in high
PE values equal to those of IM mice.
It has long been known that males have larger kidneys than females and the androgens
play the key role in kidney size 36. Moreover, high protein ingestion promotes kidney
hypertrophy probably due to the increased metabolic activity imposed on the kidney
8,12,36-38
. Hypertrophy of cells or organs often is a prelude to a pathological event. Of
particular clinical importance comes from a study by Schrijvers et al. where high protein
intake in mice increases glomerular hypertrophy and perhaps results in glomerular injury
11
. While we did not separate the effects of HP intake and testosterone on kidney size,
our results shown in Figure 3 indicate that kidney hypertrophy could be of major concern
in males consuming a HP diet. The combination of HP and testosterone enhances the risk
for detrimental kidney hypertrophy. Kidneys from CAS and CAS-P mice were the same
size as female kidneys.
We acknowledge weaknesses of the current study. We measured total protein in the
urine and did not identify specific protein sources. We suspect that at least some of this
protein is albumin, which under normal conditions should not appear in the urine.
Dipstick results from this study (data not shown) indicate similar findings as the
measured PE. This study did not begin and end with a normal protein diet but rather
tested mice ingesting only the HP diet. We also did not measure circulating levels of E2
and T in mice. Previously, we measured E2 levels in gonadectomized female mice with
the same E2 pellet used in the current study and results indicated values in the
physiological range 39. As stated above, this study did not determine the effect of HP
alone on kidney hypertrophy. Future studies are required to correct these deficiencies.

Conclusion
In summary, our goal was to determine if sex differences occur in renal PE in mice
consuming a HP diet and the potential roles of E2 and T. We conclude: 1) sex
differences in renal PE indeed exist with male mice having much higher PE than female
mice; 2) estrogen had no effect on PE; 3) testosterone increased PE. This study expands
overall knowledge on sex differences in renal function under specific conditions of HP
diets. Further research in the role of testosterone on PE should determine the specific
mechanisms of how this sex steroid increases PE as well as any long-term potential
detrimental effects would add to this body of knowledge. While additional research
needs to be performed, these results have important implications for those considering a
long-term dietary regimen of high protein.
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