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Abstract: Rutgers University juniors and seniors enrolled in Systems Physiology Laboratory (01:146:356) Spring, 2019. 

One-hundred forty-five students volunteered to test the effects of salt and water loading on kidney function. Students were 

investigated beginning at 8:40 a.m., 1:40 p.m., and 6:40 p.m. They were approximately evenly distributed between male and 

female genders and were of multiple cultural/ethnic backgrounds. Upon entering the laboratory baseline data were collected. 

Approximately half of the volunteers then consumed 200 mL of a 2.0% NaCl solution (n=77). The others directly consumed 

1.0 L of tap water (n=68). Upon entering the laboratory baseline data were collected. The others directly consumed 1.0 L of tap 

water. Kidney function was monitored each 30 minutes for the next 90 minutes. Under baseline conditions, urine osmolality 

was elevated in all students (≥ 280 mOsm/kg) but was significantly (P<0.05) greater in the 8:40 a.m. group than in either of the 

p.m. groups. Urine specific gravity and sodium excretion were also elevated in the 8:40 a.m. group compared to the others. 

Urine flow rate was least in the 8:40 group and greatest in the 1:40 p.m. group. We conclude that in these students renal 

function was influenced by a diurnal pattern. We also conclude that without compelling incentives (e.g. financial, grade-

influencing) it was virtually impossible to get students to comply with pre-experimental instructions (e.g. no salt-laden meals 

after 6:00 p.m. before the day of experimentation). 
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1. Introduction 

Physiological kidney function is one of the sine qua non of 

good health [1, 2]. In medicine clinicians have been using the 

estimated glomerular filtration rate (eGFR) for the past 15-20 

years as an indicator of renal function [3-5]. There are many 

other estimates of kidney function as well, including volume 

of urine excreted and frequency of urination. The latter two, 

coupled with measures of urine osmolality, urine specific 

gravity, and urinary sodium excretion, are excellent and 

standard measures of body water content and therefore of the 

degree of hydration/dehydration [6-8]. We use these 

measures routinely in a laboratory experiment designed to 

teach kidney function to juniors and seniors planning careers 

in medicine and related health sciences professions (e.g. 

physician assistants, physical/occupational therapy, etc.). 

This is not only a useful experiment to help students 

understand kidney function, but it also helps demonstrate 

important physiological principles related to body water 

regulation. The physiology and truth about body water are 

long-standing discussions fueled in more recent decades by 

the bottled water industry and the ubiquitous 

commercialization of exercise gyms and gym memberships. 

Both are big businesses funded (and founded) by the 

misinformed, uninformed and under-educated in all things 

physiology and body function. In this article we hope to 

correct some of the misinformation that continues to circulate 

about kidney function, body water, and physiological health. 
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2. Methods 

Experimental subjects were students enrolled in Systems 

Physiology Laboratory (01:146:357) at Rutgers University, 

New Brunswick/Piscataway, New Jersey, in the Spring 

Semester, 2019. Upon arriving in the lab subjects (n=145) 

were divided into two, salt- and water-consuming groups. As 

they arrived in the laboratory all students were sent to the 

restrooms to empty their bladders and to obtain urine 

samples. After this students in the salt group (n=77) quickly 

consumed 200 mL of a 2.0% salt solution. Students in the 

water group (n=68) drank 1.0 L of tap water as quickly as 

possible. Thereafter, timers were set and each student 

subsequently collected additional urine samples at 30, 60 and 

90 minutes post-consumption of their respective drinks. 

Measurements of urine flow rate, specific gravity, NaCl 

concentration and osmolality were made/calculated on each 

sample. Students handled only their own urine, and this and 

other experiments in this experimental physiology laboratory 

course have been reviewed and approved by Rutgers 

University. 

Specimen containers were graduated and full at 100-120 

ml. If the volume of urine voided exceeded 100-120 ml, 

students dumped the first volume in the toilet and continued 

collecting the remaining volume. To estimate their rates of 

urine flow (mL/min), students noted the volume markings on 

specimen cups. They then divided the volume (mL) by the 

time elapsed (min) since the last urine collection. 

Specific gravity---Specific gravities of each urine sample 

were estimated using refractometry (refractometers, ExTech 

Instruments, model RF20, China). With the prism cover slip 

open and the prism cleaned, students calibrated their 

refractometers by carefully dispensing 2-3 drops of distilled, 

deionized water (dH2O) onto the prism. They moved the cover 

slip to the closed position and waited several seconds for the 

fluid to be evenly distributed across the prism. Holding the 

refractometer to an eye and parallel to the floor, they used the 

adjustable screw to set the refractive index scale to 1.000. 

The prism was once again cleaned, and students carefully 

dispensed 2-3 drops of urine onto the prism. They moved the 

cover slip to the closed position and waited several seconds 

for the urine sample to be evenly distributed across the prism. 

They then observed and recorded the specific gravity for 

each sample. 

Sodium chloride concentration (mg/mL)---Using 

micropipettes students transferred approximately 500 µL of 

urine into clean test tubes and then added 100 µL potassium 

chromate. To this they added 100 µL aliquots of a 2.9% silver 

nitrate solution (AgNO3), incrementally, while gently 

shaking the sample as each aliquot was added, until the 

yellow-colored urine turned a brown hue. They recorded the 

total volume of silver nitrate needed to make the colorimetric 

change. Each 100 µL of 2.9% silver nitrate added represented 

approximately 0.15 mg NaCl in 500 µL (i.e., 100 µL of 

AgNO3 = 0.3 mg NaCl/ml.). They calculated the NaCl 

concentration (mg/mL) in the urine as: [NaCl] = [(µL 

AgNO3) X (0.3mg NaCl/ml urine)]. 

Osmolality--- Osmolality---Under baseline conditions and 

at each 30-minute timed interval graduate student teaching 

assistants (TAs) received 20 µl urine samples from 

experimental subjects and analyzed osmolalities (mOsm/L, 

model 2020 osmometer, Advanced Instruments, Norwood, 

MA). Osmometers were previously calibrated using standard 

sodium chloride solutions of 50, 280, 750 and 1200 mOsm/L. 

Between each 30-minute collection/calculation period, 

TAs led 10-minute discussions on the physiology of kidney 

function (power point mini-lectures). Students were asked to 

not consume excess salt and/or water during the 24 hours 

prior to initiation of the experiment. 

Statistics 

As data were collected they were recorded on a white 

board so all participants could see and make records of them. 

No records were kept that would allow any participant to be 

identified (data were confidential). The grouped data were 

later used by students to complete written laboratory reports. 

Baseline data (3 levels; 8:40 a.m., 1:40 p.m., 6:40 p.m.) 

were analyzed with a one-way ANOVA. Pairwise 

comparisons were conducted using Tukey’s HSD test for 

renal variables with significant ANOVA results. Effects over 

time (4 levels; baseline, 30min, 60min, 90min) for each 

experimental group (2 levels; salt, water) were analyze with a 

repeated-measures ANOVA. Pairwise comparisons were 

conducted using Tukey’s HSD test for renal variables with a 

significant Time x Group interaction. All data are reported as 

mean plus or minus one standard deviation. Statistically 

significant results were identified at P<0.05. 

3. Results 

3.1. Baseline Data 

Results of the one-way ANOVA and descriptive statistics 

are presented in Table 1. Pairwise comparisons for each 

variable with significant ANOVA results are presented in 

Table 2. Flow rate was significantly lower at 8:40 a.m. 

compared to the p.m. times. Urine specific gravity was only 

significantly different between 8:40 a.m. and 6:40 p.m. times, 

with the former being greater. No differences were observed 

over time in urine NaCl concentration at baseline. NaCl 

excretion rate was significantly different between 8:40 a.m. 

and 1:40 p.m. times, with the former being lower. Urine 

osmolality was significantly greater at 8:40 a.m. than both 

the 1:40 p.m. and 6:40 p.m. time points. 

3.2. Group Differences over Time 

Figures 1-5 display group differences in each variable over 

time (bounded by 95% confidence interval). Importantly, no 

differences were observed between groups for any variable at 

baseline (indicating proper random group assignment). 

Urine flow rate---Under baseline conditions and on the 

average, urine flow rates in both groups were about 1.1 

ml/min. These rose significantly in the water group to more 

than 3.6 and 6.5 ml/min at 30 and 90 minutes, respectively. 

At 90 minutes urine flow in the salt group declined 
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significantly to about 0.8 ml/min (P<0.05, Figure 1). 
 

 

Figure 1. Influence of tap water vs a 2.0% solution of NaCl on the rate of urine flow. 

Urine specific gravity---On the average and relative to 

baseline conditions, the specific gravity of urine in the water 

group declined significantly (P<0.05) at 30, 60, and 90 

minutes post-consumption. Conversely, there was a trend (at 

60 and 90 minutes post-consumption) for specific gravity to 

increase in the group that consumed 2.0% NaCl which did 

reach statistical significance relative to baseline (P<0.05, 

Figure 2). 

 

Figure 2. Influence of tap water vs a 2.0% solution of NaCl on urine specific gravity. 
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Urine sodium chloride concentrations---Urinary sodium chloride concentrations increased significantly in the salt group and 

decreased significantly in the tap water group (Figure 3).  

 

Figure 3. Influence of tap water and a 2.0% NaCl solution on the concentration of sodium chloride in the urine. 

For example, under baseline conditions, salt concentrations 

in the urine were about 2.5 mg/dl in both groups. In the salt 

group this rose to 2.7, 3.5 and 3.9 mg/dl, on the average at 

30, 60, and 90 minutes, respectively, post-consumption. 

Conversely, corresponding figures in the water group at 30, 

60, and 90 minutes were, 1.7, 0.7 and 0.6 mg/dl. 

Urinary sodium chloride excretion---Relative to baseline 

conditions, the rates of excretion of sodium chloride in both 

groups of subjects were elevated throughout the experiment 

(i.e. 30-90 minutes following consumption of tap water and a 

2.0% solution of NaCl). At 60 minutes the rates were 

significantly lower (P<0.05) in the salt group than in the 

water group (Figure 4). 

 

Figure 4. Rates of excretion of sodium chloride following consumption of tap water and salt solutions in experimental subjects. 

These rates were, however, still elevated above baseline control values at 90 minutes in both groups. 
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Figure 5. Differences in urine osmolality in subjects after consuming 1.0 liters of tap water and 200 mL of a 2.0% NaCl solution. 

Urine osmolality---On the average urine osmolality was 

close to 560 mOsm/kg under baseline conditions in both 

groups of students. It rose steadily but modestly to about 800 

mOsm/kg in the salt group at 90 minutes, and declined 

significantly to about <100 mOsm/kg at the same time in the 

water group. In the salt group urine osmolality was only 

statistically significant at 90 minutes (relative to baseline, 

Figure 5), whereas in the water group it was significantly 

different than baseline at 60 and 90 minutes. 

4. Discussion 

The kidneys are the chief regulators of the internal 

environment of the body (internal milieu as opposed to the 

external milieu). They help control the concentration of ions, 

water, and pH in the several body water compartments 

(intracellular space, interstitial space, intravascular space). In 

addition, kidneys eliminate waste products of metabolism. 

The nearly one million nephrons in each kidney contain two 

main structures: the glomeruli (glomerulus, singular) and the 

renal tubules. As blood passes through the kidneys it is 

filtered by the glomeruli at a rate of approximately 120 

ml/min, (in healthy adult humans; known as the glomerular 

filtration rate, GFR). 

Chemically, the glomerular filtrate is similar to blood 

plasma except that large molecules having molecular weights 

of more than 70 kD are excluded (e.g., plasma proteins). As 

this glomerular filtrate (also known as an ultrafiltrate) passes 

along the proximal and distal tubules most of the water is 

reabsorbed, and many other inorganic and some organic 

chemicals are actively or passively reabsorbed back into the 

bloodstream. Toxic byproducts of metabolism, as well as 

substances in excess, are retained in the ultrafiltrate or are 

secreted into the ultrafiltrate and finally excreted in the urine 

(urine flow rate is approximately 0.3 – 3.0 ml/min; diurnal 

variation). Thus the final composition of urine is quite 

different from that of the glomerular ultrafiltrate and reflects 

the integrity of kidney function and changes in blood 

composition. 

An analysis of urine can yield valuable information about 

the health of the kidney and of the body in general. Various 

diseases are characterized by altered metabolism, which 

causes unwanted byproducts of metabolism to appear in the 

urine. For example, phenyl pyruvic acid appears in the urine 

in phenylketonuria (PKU), a disease resulting in mental 

retardation. In diabetes mellitus, deficient production of 

insulin by the pancreas results in the appearance of glucose in 

the urine (glucosuria). Thus, the volume of urine produced, 

its rate of flow, urine osmolality and specific gravity, and 

related qualities give information on the state of hydration or 

dehydration of the body. 

Urine flow rate---Under baseline conditions and on the 

average, urine flow rates in both groups were about 1.0 

ml/min. These rose significantly in the water group to more 

than 6 ml/min and declined markedly in the salt group to 

about 0.5 ml/min. This 12-fold difference in urine flow is 

best explained by the physiology of osmoreceptors in the 

anterior hypothalamus, the production and release of arginine 

vasopressin (AVP or antidiuretic hormone, ADH) from the 

posterior pituitary, and AVPs actions on distal components of 

the renal tubular system (9-13). In the water group the aim of 

these interactive physiological mechanisms was to eliminate 

excess water. In the salt group, oppositely-directed actions of 

the same organs/tissues were directed at conserving water by 
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reducing its excretion in the urine. 

Arginine vasopressin, so named because its vasopressor 

(vascular) effects were identified before its renal effects 

were, enhances the production and subcellular movement of 

proteins known as ‘aquaporins’ [13, 14-16]. These protein 

water channels are inserted into the apical membranes of 

tubular epithelial cells where they enhance the ability of 

tubules to reabsorb water, thus conserving it. Although we 

did not measure AVP, aquaporins, or related compounds in 

this experiment, our speculation is reasonable because it is 

based on irrefutable, supporting evidence [17-21]. 

Urine osmolality---Significantly reduced urine flow rates 

at 8:40 a.m. were not expected. Based on diurnal patterns in 

humans, urine flow rates are lowest in the late p.m. to early 

a.m. hours, and highest in the late a.m. to early p.m. hours 

[22, 23]. We suspect the reduced flow was caused by 

hyperosmolality as baseline data suggest (e.g. see Figure 5, 

baseline values in both water and salt groups). University 

students, as a rule, lead unregulated dietary lifestyles. This 

includes eating at any time of the day, e.g. ordering pizza 

with extra sauce, pepperoni, and cheese after midnight 

(personal communications). Similarly, it is common for 

university students to visit sushi bars in the late p.m. to early 

a.m. hours, where they consume extra soy sauce (salt laden) 

with their sushi (personal communications). We believe it is 

their generally-poor dietary habits that best explain high 

urine osmolality at 8:40 a.m. in university students. 

Hypothalamic osmoreceptors would have been stimulated 

by elevated plasma osmolality (pizza, sushi, salt) leading to 

increased release of AVP from the neurohypophysis. The 

subsequent increased insertion of aquaporins into apical 

membranes of renal tubular cells would have promoted 

tubular water conservation leading to increased urine 

osmolality. Support for this reasoning can be confirmed by 

carefully reviewing the data in Figures 1-4. 

Water and salt balance---The distribution and regulation of 

body water is tightly coupled to fluid osmolality. Likewise, 

the regulation of osmolality is physiologically determined by 

the regulation of body water [24-27]. For example, 

intracellular fluid volume is determined, in part, by the 

osmolality of extracellular fluid, including plasma 

osmolality. As extracellular fluid sodium concentration 

increases post-consumption of a salt-loaded meal, so too will 

extracellular osmolality increase. Among other physiological 

events, this will lead to withdrawal of water from the 

intracellular compartment (by osmosis), and to stimulation of 

hypothalamic osmoreceptors. Thirst mechanisms will be 

simultaneously activated driving the person to consume 

water. 

During a 24-hour period following salt loading, salt 

concentration in the intravascular compartment will begin to 

decline (with renal water conservation and corresponding 

thirst-driven water consumption). Decreasing salt 

concentrations in the extracellular compartment will be 

accompanied by a decrease in the osmolality of the 

hypothalamic, interstitial spaces and to a reduction in the 

release of neurohypophyseal AVP. With reduced AVP, 

epithelial cells in the distal renal tubules will recycle apical 

aquaporins and water reabsorption will decrease. 

Physiological homeostasis for the distribution of body water 

and salt in the student will be re-achieved until the next 

craving pizza/sushi in the late p.m./early a.m. hours. 

5. Conclusions 

Students consuming a 2% solution of NaCl had lower rates 

of urine flow and higher urine osmolalities than those 

consuming tap water. Principles of renal water conservation 

and renal excretion of excess salt were confirmed in this 

routine experiment on body water and salt homeostasis. 

Disappointingly, most students had hyperosmotic urine even 

during the baseline period. This suggests the unwillingness of 

students to comply with experimental instructions, e.g. please 

do not consume excess salt and/or water during the 24 hours 

prior to this classic renal experiment. 

Appendix 

Table 1. One-way ANOVA results and descriptive statistics (M ± SD) analyzing effect of time of day on renal variables. 

 n Mean SD df1 df2 F p 

Flow Rate *    2 142 11.07 <.001 

8:40am 51 0.62 0.61     

1:40pm 39 1.67 1.53     

6:40pm 55 1.24 1.00     

Specific Gravity *    2 131 4.05 .02 

8:40am 51 1.033 0.013     

1:40pm 28 1.025 0.016     

6:40pm 55 1.025 0.016     

[NaCl]    2 142 1.59 .21 

8:40am 51 2.78 1.31     

1:40pm 39 2.36 1.23     

6:40pm 55 2.38 1.41     

NaCl exr. Rate *    2 142 4.45 .01 

8:40am 51 1.44 1.12     

1:40pm 39 3.17 2.89     

6:40pm 55 2.66 3.84     

Osmolality *    2 88 14.76 <.001 
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 n Mean SD df1 df2 F p 

8:40am 38 738 279     

1:40pm 22 481 230     

6:40pm 31 412 260     

Note: Sample size is much lower for Osmolality because graduate student TA did have enough time to collect all students’ samples. Tukey HSD pairwise 

comparisons for significant results are presented in Table 2. 

Table 2. Tukey HSD pairwise comparisons for variables with significant ANOVA results. 

 difference 95% CI lower 95% CI upper p adj 

Flow Rate     

2 – 1 * 1.048 0.511 1.586 <.001 

3 – 1 * 0.618 0.127 1.109 <.01 

3 – 2 -0.431 -0.960 0.098 .13 

Specific Gravity     

2 – 1 -0.007 -0.016 0.001 .09 

3 – 1 * -0.008 -0.144 -0.001 .03 

3 – 2 -0.001 -0.008 0.008 .99 

NaCl exr. rate     

2 – 1 * 1.728 0.279 3.178 .01 

3 – 1 1.223 -0.102 2.547 .08 

3 – 2 -0.506 -1.933 0.920 .68 

Osmolality     

2 – 1 * -257 -424 -90 <.01 

3 – 1 * -326 -477 -175 <.001 

3 – 2 -69 -242 105 .61 

Note: 1 = 8:40am, 2 = 1:40pm, 3 = 6:40pm. Comparisons are significant if zero does not fall within the 95% CI. Adjusted p-values are shown. 
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