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1   |   INTRODUCTION

Polyvinylpyrrolidone (PVP) is the generic name for a 
water-soluble homopolymer of N-vinyl-2-pyrrolidone 
(Schwarz,  1990). Invented by Professor Walter Rape in 
1939, PVP was initially used as a blood plasma expander 
in the Second World War  (2009; Ravin et  al.,  1952). 
However, with relatively inert behavior toward salts and 
acids and its resistance to thermal degradation in solution 

(Schwarz, 1990), PVP is now used in more than 100 tech-
nical applications  (2009) across the pharmaceutical, 
food, beverage, and cosmetic industries (Nair,  1998). In 
the United States, PVP is used in many products, includ-
ing alcohol, water-based flavored drinks, chewing gum, 
and tabletop sweeteners (Schwarz, 1990). The synthetic 
polymer is also used in medical research as a perfusion 
solution component (Denhardt's solution, some ringer 
solution) and drug carriers (Kaneda et al., 2004). However, 
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Abstract
Polyvinylpyrrolidone (PVP), a water-soluble homopolymer, has been widely used 
in food, beverage, medical, and experimental tissue preparations. However, the 
effect of PVP on renal functions remains unknown. We investigated the acute 
administration of low MW of PVP on renal functions and whether it produces a 
toxic effect on the kidney. Renal clearance experiments were performed in rats 
and showed PVP infusion elicited significant diuretic and natriuretic effects. 
Urine volume, absolute (ENa), and fractional (FENa) Na+ excretion were signifi-
cantly increased. A relatively small kaliuretic effect was also observed. After 2 h 
of PVP infusion, blood urea nitrogen (BUN) and urinary concentrations of beta-
N-glucosaminidase (NAG) did not change significantly. Alpha-1-microglobulin, 
an indicator of proximal tubule absorption ability, excretion increased 12-fold, 
indicating that a large portion of the fluid and Na+ loss is due to reduced absorp-
tion in the proximal tubule. The 24-fold increase in ENa and the 12-fold increase 
in α1-microglobulin excretion suggest that fluid and electrolyte absorption were 
also reduced in other nephron segments. We conclude that acute low molecular 
weight PVP infusion produces diuretic and natriuretic effects due to the osmoti-
cally induced reduction of proximal tubular absorption, and acute PVP infusion 
does not cause renal damage.
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as a macromolecule, PVP is not completely excreted from 
the body in a short period of time. Approximately, 42.6% 
and 24.8% of low molecular weight and high molecular 
weight PVPs were excreted 3 days after a PVP iv infu-
sion (Arisz et al., 1969). The retention and storage of the 
synthetic polymer persist for at least 20 months after an 
IV infusion of 35 mg PVP (Altemeier et  al.,  1954). The 
kidney is one of the principal storage sites for PVP, and 
the kidney tubule epithelium was frequently desqua-
mated to form cell casts after seven PVP infusions over 
3 weeks (Hartman, 1951). Long-term local injection and 
systemic parenteral administration of PVP-containing 
solutions caused PVP storage diseases  (2009; Altemeier 
et  al.,  1954; Arisz et  al.,  1969; Hartman,  1951; Kaneda 
et al., 2004; Nair, 1998; Ravin et al., 1952; Schwarz, 1990). 
Polyvinylpyrrolidone storage disease presents as patho-
logic fracture and anemia in patients (Leh et al., 2021). 
Since there is currently no information on the effects of 
infusion of low molecular weight PVP on kidney func-
tion, we investigated whether PVP affects renal functions 
and whether acute administration of PVP causes renal 
damage. Renal clearance experiments were performed 
to measure the urine output (UV), glomerular filtration 
rate (GFR), absolute Na, K (ENa, EK), and fractional Na, 
K (FENa, FEK) excretion before and after administration 
of PVP, and α1-microglobulin, an indicator of proximal 
tubule absorption ability, was measured to assess the 
proximal tubule functions (Yu et al., 1983). To investigate 
whether acute PVP infusion causes kidney injury, we 
measured blood urea nitrogen (BUN) and renal tubular 
damage marker urinary N-acetyl-β-d-glucosaminidase 
(NAG). BUN is a common marker for evaluating kidney 
functions (Paget et al., 1958) and the NAG, which is as-
sociated with the early detection of atherosclerosis (Kim 
et al., 2017). Experimental data show PVP did not change 
the levels of these two markers of BUN or NAG.

2   |   MATERIALS AND METHODS

2.1  |  Animals

Young adult male Sprague–Dawley rats (200–250 g; 
~8 weeks old) were purchased from Charles River and 
housed at the Yale animal facility, allowing free access 
to food (a standard laboratory rodent diet LAbDiet, from 
Teklad) and water until the day of the experiment. All 
procedures for handling and experimenting with rats 
were approved by the Institutional Animal Use & Care 
Committee of Yale University. Animals were anesthe-
tized with an intraperitoneal injection (100–150 mg/kg 
body weight) of Inactin (Thiobutabarbital sodium salt 
hydrate, Sigma, St. Louis, MO) before the experiment.

2.2  |  Renal clearance and measurements

Renal clearance experiments were performed by using 
methods developed previously in our laboratory (Yan 
et al., 2008). Anesthetized rats were placed on a thermo-
statically controlled surgical table to maintain body tem-
perature at 37°C. After tracheostomy, the left carotid artery 
was exposed and cannulated with PE 50 polyethylene 
tubing (Becton Dickinson, New Jersey, NY) for measur-
ing arterial blood pressure and blood collections. The left 
jugular vein was catheterized with PE10 tubing for intra-
venous infusion. The bladder was catheterized with PE50 
tubing for timed urine collections. After surgical prepara-
tion, 0.5 mL of isotonic saline was given intravenously to 
replace surgical fluid loss. Subsequently, a priming dose 
of 100 μCi of [methoxy-3H] inulin (New England Nuclear, 
Boston, MA) was administered in 0.5mL isotonic saline, 
and a maintenance infusion of isotonic saline solution con-
taining 10 μCi/mL of inulin at a rate of 4.6 mL/h was pro-
vided. An equilibration period of 45 min was followed by 
two 30-min collection periods as the controls. After control 
period collections, 14% PVP 10 K and 6% PVP 25 K (total 
20% of PVP) were added to the maintenance infusion dur-
ing the PVP infusion. The control group was maintained 
with isotonic saline infusion throughout the experiment. 
Arterial blood pressure was measured from the cannu-
lated carotid artery by a pressure transducer (Pluznick 
et al., 2013), and the blood samples were taken in the mid-
dle of each urine collection. Urinary and plasma 3H-inulin 
counts were measured by Backman counter machine, and 
urine and plasma Na+ and K+ concentrations were meas-
ured by flame photometry (type 480 Flame Photometer, 
Corning Medical and Scientific, Corning, NY). Urine vol-
ume (UV), glomerular filtration rate (GFR), absolute Na, 
K (ENa, EK) and fractional Na, K (FENa, FEK) were cal-
culated by standard methods (Yan et al., 2008). PVP 10 K 
and PVP 25 K (PVP10 and PVP25) were purchased from 
Sigma-Aldrich (MilliporeSigma); 3H-Inulin was ordered 
from New England Nuclear (NEN), Boston, MA.

2.3  |  Enzyme and biochemical 
measurement

Blood and urine samples, collected from rats before and 
after the PVP infusion, were stored at −80°C until the 
time for the measurement. Blood Urea Nitrogen (BUN) 
reagent set (B7550) and BUN standard (B7550-STD) 
were purchased from Pointe Scientific Inc., MI, and the 
manufacturer's instructions were followed for the sample 
preparation. Triplicate samples were added to the 96-well 
plate and measured by a plate reader at the absorbance 
wavelength of 340 nm. The concentration of BUN was 
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calculated in milligrams per deciliter (mg/dL). Urinary 
β-N-acetylglucosaminidase and α1-microglobulin were 
measured by a Colorimetric assay and enzyme-linked 
immunosorbent assay (ELISA), respectively. The β-N-
acetylglucosaminidase Assay Kit (CS0780) was purchased 
from Sigma-Aldrich, MO; this measurement is based on 
the hydrolysis of NAG (N-acetyl-β-d-glucosaminidase) 
substrate (NP-GLcNAc) by the enzyme. The enzymatic 
hydrolysis of the substrate liberates p-nitrophenylate 
ion. The reaction product is detected colorimetrically at 
405 nm. Rat α1-microglobulin, α1-MG ELISA Kit (Catalog 
#: NB-E30125) purchased from NovaTeinBio, Inc., MA, 
was used for the α1-microglobulin measurements. The 
protocol of step procedures described in the kit was care-
fully followed, and reactions were detected by the Infinite 
M1000 Reader O.D. absorbance wavelength at 450 nm im-
mediately after adding the stop solution.

2.4  |  Statistics

All experimental data are presented as means ± SD. At 
least six animals were contained in each experimental 
group. Student's t-test was used to compare control and 
experimental groups. One-way ANOVA test was used 
to compare multiple experimental groups with a control 
group followed by Dunnett's test. The difference between 
the mean values of the experimental and control groups 
was considered significant if p < 0.05.

3   |   RESULTS

3.1  |  Effect of PVP infusion on plasma 
electrolytes and blood pressure

Table 1 shows the mean blood pressure (BP) and plasma 
electrolyte before (basal period) and after 1 and 2 h PVP 
infusion. The BP was kept at the same levels, 127.8, 
121.0, and 120.6 mmHg before and after PVP infusion, 
respectively (p > 0.05), indicating the animals were in 

stable condition during the experimental periods and 
PVP had no effect on BP. Plasma Na (PNa) and plasma 
K (PK) were in the normal range during the control pe-
riods as reported previously (Cantone et al., 2008; Yan 
et  al.,  2008). PVP infusion did not change PNa or PK 
(Table  1). The hematocrit was slightly reduced after a 
2-h PVP infusion compared to the basal period (p < 0.05). 
This reduction suggests slight volume expansion due to 
2 h iv infusion.

3.2  |  Effect of PVP infusion on renal 
clearance

After two 30-min control periods of urine collections, the 
PVP infusion was performed continually for a total of 2 h 
and additional urine collections were made every 30 min. 
Urine volume (UV) glomerular filtration rate (GFR), Na+, 
and K+ excretion were measured at each collection period 
(Table  2). Figure  1 summarizes the time course of the 
effect of PVP on UV (A) and GFR (B). PVP produced a 
strong diuretic effect, and the peak increase was reached 
at the 60-min infusion (showing in blue). As shown 
in Figure  1a, urine output sharply increased at the first 
30 min of infusion and reached its maximum at the sec-
ond 30-min period. A significant increase was maintained 
throughout the experiment, compared with its baseline 
and with the control group. The PVP infusion increased 
UV by 4.77 ± 0.82, 7.68 ± 0.77, 5.59 ± 1.04, and 4 ± 0.32 
folds, respectively, from the control periods during the 2-h 
infusion. UV in the control group, with isotonic saline in-
fusion, was constantly kept at the same level (Figure 1a, 
showing in red). Figure 1b shows the GFR changes in re-
sponse to PVP. GFR was reduced by 33% (P < 0.05) at the 
first 30-min infusion period compared with its baseline 
and remained almost the same in the subsequent two 30-
min periods of PVP infusion. The reductions of GFR, fol-
lowed by a strong diuretic effect produced by PVP, were 
likely due to the increased delivery of fluid and NaCl to 
the distal nephron, which turned on the TGF (Wright & 
Schnermann, 1974). There were no significant changes in 

N BP (mmHg) PNa (mM) PK (mM) HCT%

Basal period 6 127.8 ± 14.9 137.5 ± 9.8 3.50 ± 0.58 36.60 ± 3.13

First hour PVP 
infusion

6 121.0 ± 17.1 140.3 ± 7.17 3.29 ± 0.39 33.24 ± 3.13

Second hour PVP 
infusion

6 120.6 ± 17.1 135.5 ± 5.76 3.18 ± 0.32 32.18 ± 0.66*

Note: Data are mean ± SD.
Abbreviations: BP, mean arterial blood pressure; HCT, hematocrit; N, numbers of the rats; PNa, PK: 
Plasma Na+ and K+; PVP, polyvinylpyrrolidone.
*Significantly different from the basal period (p < 0.05).

T A B L E  1   Effect of PVP infusion on 
blood pressure and plasma electrolyte 
parameters in rats.

https://www.google.com/search?sca_esv=6d9c209c899469a6&sca_upv=1&q=immunosorbent&si=ACC90nzeIzR7eQ3kZwtyqq-Z0Z5j6QdX6idcoWFgqgwkM34rUKjJS4t6vG8qBZjH5hYw1p1Ql2-CHnIZL1txDW26iYARtC3IWnFKflmUz9N3fj4etoAKnUY%3D&expnd=1&sa=X&ved=2ahUKEwjrg-7oq9GGAxXCEGIAHZgpA7EQyecJegQIIBAO
https://www.sigmaaldrich.com/US/en/product/roche/10875406001
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GFR in the control group (showing in red), indicating that 
the animals maintained good condition throughout the 
experiment (Figure 1b).

The absolute (ENa) and the fractional sodium excre-
tion (FENa) were measured to evaluate total sodium loss 
in the urine and the percentage of sodium excreted in 
the urine versus the sodium reabsorbed by the kidney. 
As shown in Figure 2, like its strong diuretic effect, PVP 
also produced a strong natriuretic effect as indicated by 
the huge increases of both ENa and FENa. ENa was al-
most tripled after PVP in the first 30-min period and 
reached the peak increase at the second 30-min infusion 
(Figure 2a), and the significant increments sustained to 
2 h. similar to the changes of ENa, FENa was also sig-
nificantly increased and maintained at a very high level 
throughout the 2-h experimental periods (Figure 2b). In 
contrast, there were no significant changes in ENa and 
FENa in the control group throughout the experimental 
period (showing in red).

The absolute (EK) and the fractional potassium ex-
cretion (FEK) were also increased by PVP. EK increased 
0.73, 0.74, 0.68, and 0.07-fold during the four periods of 
PVP infusion (Figure  3a) and FEK 1.82, 1.94, 1.86, and 
1.65, respectively (Figure  3b). PVP produced strong di-
uretic and natriuretic effects; the kaliuretic effect was 
much less potent. EK and FEK were also kept at the same 
level throughout the experimental period in the control 
group (Figure 3; showing in red). Next, we compared the 
natriuretic and Kaliuretic effect of pvp with loop diuretic 
drug furosemide (fouro) and distal tubule diuretic hydro-
chlorothiazide (HCTZ). Figure  4 shows comparisons of 
the natriuretic and Kaliuretic effect of PVP, furosemide, 
and hydrochlorothiazide. The pvp produced a more po-
tent natriuretic effect as indicated by the increments of 
ENa (Figure 4a), and fractional sodium excretion (FENa) 
Figure 4b, compared with furo and HCTZ. The increment 
of ENa and the FENa by PVP was three times higher than 
furo and HCTZ (P < 0.05). In contrast, PVP produced 

T A B L E  2   Effect of PVP on UV, GFR, ENa, EK, FENa, and FEK in rats.

Time (min) UV (mL/min) GFR (mL/min) ENa (μEq/min) EK (μEq/min) FENa% FEK%

Baseline 0.022 ± 0.01 1.10 ± 0.22 0.22 ± 0.20 1.08 ± 0.37 0.12 ± 0.10 28.30 ± 9.99

PVP iv

0–30 0.127 ± 0.044** 0.74 ± 0.20* 2.86 ± 2.18* 1.87 ± 0.42** 2.93 ± 2.35* 79.82 ± 25.4**

30–60 0.191 ± 0.04** 0.77 ± 0.27 7.58 ± 2.94** 1.88 ± 0.20** 7.33 ± 3.26** 83.18 ± 30.4**

60–90 0.145 ± 0.06** 0.72 ± 0.32 7.04 ± 1.52** 1.81 ± 0.86 7.76 ± 1.44** 81.02 ± 19.2**

90–120 0.110 ± 0.017** 0.53 ± 0.23* 4.59 ± 1.28** 1.16 ± 0.20 7.20 ± 3.03** 75.09 ± 16.7**

Note: The values of GFR, ENa, and EK were normalized by 100 g body weight. Data are mean ± SD. n = 6 in each group.
Abbreviations: EK, absolute excretion of potassium; ENa, absolute excretion of sodium; FEK, fractional excretion of potassium; FENa, fractional excretion of 
sodium; GFR, glomerular filtration rate; UV, urine volume.
*Significantly different from baseline control period (p < 0.05). **p < 0.01.

F I G U R E  1   Effect of polyvinylpyrrolidone (PVP) on urine volume (UV) (a) and Glomerular filtration rate (GFR) (b) in rats. After a 
60-min control period, the low molecular weight PVP was given by iv infusion (14% PVP 10 K and 6% PVP 25 K, 4.6 mL/h) for 2 h, and UV 
and GFR was continuously measured during the PVP infusion (showing in blue). The control group was maintained with isotonic saline 
infusion throughout the experiment showing in red. Data points are means ± SD. Significant differences are indicated by the p volumes.

(a) (b)
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F I G U R E  2   Effect of polyvinylpyrrolidone (PVP) on absolute Na excretion (ENa) (a) and fractional Na excretion (FENa) (b) in rats. After 
a 60-min control period, the low molecular weight PVP was given by iv infusion (14% PVP 10 K and 6% PVP 25 K, 4.6 mL/h) for 2 h ENa 
and FENa were continuously measured during the PVP infusion (showing in blue). The control group was maintained with isotonic saline 
infusion throughout the experiment showing in red. Data points are means ± SD. Significant differences are indicated by the p volumes.

(a) (b)

F I G U R E  3   Effect of polyvinylpyrrolidone (PVP) on absolute K excretion (EK) (a) and fractional K excretion (FK) (b) in rats. After a 60-
min control period, the low molecular weight PVP was given by iv infusion (14% PVP 10 K and 6% PVP 25 K, 4.6 mL/h) for 2 h EK and FEK 
were continuously measured during the PVP in fusion (showing in blue). The control group was maintained with isotonic saline infusion 
throughout the experiment showing in red. Data points are means ± SD. Significant differences are indicated by the p volumes.

(a) (b)

F I G U R E  4   Comparison of effects of polyvinylpyrrolidone (PVP), furosemide (FURO, 8 mg/kg iv), and hydrochlorothiazide (HCTZ, 
30 ng/kg iv) on absolute sodium, potassium (ENa, EK) (a) and fractional sodium and potassium (FENa, FEK) (b) excretion. Each bar graph 
shows the fold changes from the control period, calculated before and after the PVP, FURO, or HCTZ (%). Data points are means ± SD. 
Significant differences are indicated by the p volumes. NS, no significant difference between groups.

(a) (b)
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about the same increments of urinary K+ excretion with 
furo and HCTZ, as indicated by both EK and the FEK. This 
result suggested a different mechanism of PVP-induced 
natriuretic effect with furo and HCTZ, likely through in-
hibition of proximal tubule sodium transport.

3.3  |  Effect of PVP infusion on 
BUN, urinary excretion of β-N-
Acetylglucosaminidase, and α1-microglobulin

We examined three indicators to future evaluate kid-
ney functions, to investigate whether infusion of PVP 
will cause acute kidney injury. the blood urea nitrogen 
(BUN), urinary concentrations of beta-N-glucosaminidase 
(NAG), a lysosomal enzyme involved in the degradation 
of glycoprotein, and α1-microglobulin were measured 
before (basal) and after PVP. As shown in Figure 5a, the 
BUN kept the same level before and after 1 h and 2 h of 
infusion of PVP. The NAG was slightly reduced after PVP, 
but such reductions did not reach statistical significance 
(p > 0.05). However, the α1-microglobulin, an indicator 
of proximal tubule absorption function, increased 12-fold 
(1.96 vs. 0.15 ng/min/100 g bw) after the PVP (Figure  6), 
indicating the proximal tubule absorption functions were 
significantly reduced. There was no evidence of acute kid-
ney or proximal tubule cell injuries since BUN or NAG 
excretion was not increased.

4   |   DISCUSSION

PVP, a water-soluble homopolymer of N-vinyl-2-
pyrrolidone, has been widely used in food, beverage, 

medical, and experimental tissue preparations  (2009; 
Ravin et  al.,  1952; Schwarz,  1990). PVP has also been 
used as a carrier or matrix for drug deliveries and tissue 
fixations to measure cellular electrolyte concentrations 
(Siepmann et  al.,  2010). PVP is a hydrophilic polymer 
that has been extensively used as a stabilizer in 
dispersion polymerization to yield microsized polymer 

F I G U R E  6   Effect of polyvinylpyrrolidone (PVP) on proximal 
tubule absorption marker α1-microglobulin excretion. Urinary 
excretion of α1-microglobulin was measured before (Basal) and 
after the first and second hour PVP infusion. Each data point shows 
the individual sample measurements, and the bar graph shows the 
means ± SD. Significant differences are indicated by the p volumes.

F I G U R E  5   Effect of polyvinylpyrrolidone (PVP) on blood urea nitrogen (BUN) (a) and urinary beta-N-glucosaminidase (NAG) (b) 
excretion. BUN and NAG were measured before (Basal) and after the first and second hour PVP infusion. Each data point shows the 
individual sample measurement, and the bar graph shows the means ± SD. There was no significant difference before and after the PVP 
infusion.

(a) (b)
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particles (Arshady,  1992). However, the effect of PVP 
on renal functions remains unknown. We investigated 
the acute administration of PVP on renal functions, 
including GFR, Na+, and K+ excretion in rats. We 
have also investigated whether acute administration 
of PVP can produce a toxic effect on the kidney. Our 
experimental results indicated that acute infusion of 
PVP had no effect on blood pressure but significantly 
reduced fluid, sodium, and potassium absorption in the 
kidney, as indicated by the elevated urine volume and 
urinary Na+ and K+ excretion. The mechanism of PVP-
produced diuretic and natriuretic effects is different 
from the classical loop diuretic agent furosemide, 
which blocks the Na/2Cl/K-cotransporter (Cantone 
et  al.,  2008; Giebisch,  1985), and hydrochlorothiazide, 
which blocks the thiazide-sensitive NaCl-co-transporter 
activities (Cantone et  al.,  2008; Giebisch,  1985). The 
mechanism of PVP-reduced Na+ absorption is likely 
due to the inhibition of proximal tubule functions, 
as indicated by three times more potent natriuretic 
effects with minimal kaliuretic effect compared with 
furosemide and hydrochlorothiazide, and the elevation 
of proximal tubule absorption marker α1-microglobulin 
(Yu et al., 1983). In addition, experimental data showed 
no evidence of kidney injury from acute administration 
of PVP.

Renal clearance experiments are widely used to mea-
sure kidney functions and investigate diuretic agents' effi-
cacy (Giebisch, 1985). Previously by using these methods, 
we have examined major diuretic agents including furo-
semide, a well-known loop diuretic that inhibits NKCC2 
(Giebisch, 1985), and hydrochlorothiazide, which blocks 
the thiazide-sensitive NaCl-co transporter function 
(Giebisch, 1985). Na/2Cl/K-cotransporter (NKCC2) is the 
major ion transporter expressed in the apical membrane 
of the thick ascending limb (TAL) and is responsible for 
the absorption of an extensive portion of filtered NaCl in 
the loop of Henle (Hebert & Gullans, 1995). The loop of 
Henle contributes to the absorption of approximately 25% 
of filtered sodium and can be targeted by diuretic therapy 
such as furosemide (Giebisch et al., 1993). Mutations in 
NKCC2 cause Bartter's syndrome with hypokalemic alka-
losis and hypercalciuria (Wagner et al., 2008). Inhibition 
of NKCC2 by furosemide produces significant diuretic 
and natriuretic effects and increases urinary K+ excre-
tion (Cantone et al., 2008; Giebisch, 1985). The thiazide-
sensitive Na–Cl cotransporter (TSC or NCC) is expressed 
on the apical membranes of distal convoluted tubule ep-
ithelial cells (Plotkin et al., 1996). NCC is the major ion 
transporter in the distal convoluted tubule (DCT) and is 
responsible for filtrate Na+ and Cl− reabsorption in the 
distal nephron (Simon & Lifton, 1998). Mutations of the 
NCC cause Gitelman's syndrome (Simon & Lifton, 1996). 

NCC is also a major target for the classical diuretic agent 
hydrochlorothiazide (HCTZ). Using the renal clearance 
method, we compared the PVP-induced diuretic and na-
triuretic effects with the loop diuretic furosemide and the 
NCC inhibitor HCTZ. Our experimental data show that 
PVP produced more potent diuretic and natriuretic effects 
but with the same kaliuretic effect as the loop diuretic 
and HCTZ (Figure 4). These results suggested a different 
mechanism involved in the PVP-induced renal function 
changes.

Twenty percent PVP was infused by iv at the rate of 
4.6 mL/h to get a concentration of about 1.82%–1.54% (cal-
culated based on the 30% body weight of ECF) in the body 
after 1 h of infusion. This concentration is close to what was 
reported in clinical use (Ravin et al., 1952) and the micro-
puncture study (Persson et al., 1972). Since the low molecu-
lar weight of PVP can pass rapidly through the glomerulus 
into proximal tubules and be eliminated through the kid-
neys (Schwarz, 1990), we examined whether PVP infusion 
affects proximal tubule transport. α1-microglobulin is a 
low-molecular-weight protein of 26 kDa and a member 
of the lipocalin protein superfamily (Larsson et al., 2004). 
It is synthesized in the liver, freely filtered by glomeruli, 
and reabsorbed by renal proximal tubule cells, where it is 
catabolized (Kristiansson et al., 2020). We have measured 
urinary α1-microglobulin excretion and found that PVP 
significantly increased α1-microglobulin excretion. This 
result indicated that proximal tubule absorption ability 
was reduced (Bernard et al., 1987). A direct measurement 
of the effect of PVP on proximal tubule transport has been 
done previously (Persson et al., 1972). The net fluid absorp-
tion was measured by a split-oil-drop micropuncture ex-
periment in proximal tubules of rat kidneys. It has shown 
that applications of 4%–7% PVP in the tubule significantly 
reduced fluid outflux, which demonstrated that PVP in-
hibited fluid absorption in the proximal tubule (Persson 
et al., 1972). Our result is consistent with their finding.

The major mechanism of PVP-induced diuretic and 
natriuretic effects is likely via reduced proximal tubule 
absorption caused by a volume expansion by PVP infu-
sion, the same effect produced by mannitol (Dry,  1963; 
Sonnenberg & Solomon,  1969). The osmotic diuretics 
have a major impact on the proximal convoluted tubule 
and the descending limb of the loop of Henle. It inhib-
its water reabsorption in the proximal convoluted tubule 
and the thin descending loop of Henle and collecting duct, 
regions of the kidney that are highly permeable to water. 
The presence of a nonabsorbable solute, such as mannitol, 
prevents the normal absorption of water by interposing a 
countervailing osmotic force; as a result, urine volume 
increases (Dry, 1963; Sonnenberg & Solomon, 1969). Our 
data showed that a 24-fold increase in ENa and only a 12-
fold increase in α1-microglobulin excretion suggest that 
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fluid and electrolyte absorption were also reduced in other 
nephron segments, such as in the loop of Henle. In ad-
dition, PVP infusion also produced a significant increase 
in urinary K+ excretion; the mechanism may be due to 
a reduction in K+ absorption in the proximal tubule and 
increased K+ secretion in the distal nephron. Reductions 
in proximal tubule absorption of fluid and Na+ (Persson 
et al., 1972) will increase distal delivery of Na+ and stim-
ulate distal Na+ absorption, which will make the luminal 
potential more negative and thus increase K+ secretion 
(Palmer, 2015; Wang & Giebisch, 2009).

To investigate whether an acute infusion of PVP causes 
tubule cell damage, we further examined the effect of 
PVP on another tubule damage marker, N-acetyl-β-d-
glucosaminidase (NAG) excretion. The NAG is a lysosomal 
enzyme found predominantly in proximal tubules (D'Amico 
& Bazzi,  2003) and is released from proximal tubule epi-
thelial cells due to acute kidney injury (AKI). The increase 
of NAG is strongly correlated with the extent of proximal 
tubule damage (Skalova, 2005). In a comparison of several 
tubule injury markers, it was demonstrated that increased 
amounts of NAG are the most common enzymes released by 
the brush-border of the proximal tubule cells. This enzyme 
was used to detect early-stage and acute damage of epithe-
lial cells (D'Amico & Bazzi, 2003). Therefore, we measured 
the urinary NAG excretion before and after the infusion of 
PVP. We found no change in this enzyme, which suggested 
that PVP did not induce acute renal tubule damage.

PVP-induced kidney toxicity is dependent on its molec-
ular weight since the permeability and elimination of PVP 
were inversely related to its molecular weight (MV). Low 
molecular weight PVP (<25,000) can pass through glo-
merular capillaries, but higher molecular weight PVP goes 
directly from postglomerular capillaries into interstices or 
lymphatic channels without passing the ultrafiltrate (Chi 
et al., 2006; Stalund et al., 2022). PVP with a MW <20,000 
established equilibrium within an hour, and 40%–80% of 
infused PVP was recovered in the urine within 48 h. At 15 
and 30 min after PVP infusion, a high level of PVP was de-
tected in the blood, kidneys, urinary bladder, lungs, skin 
and hair follicles, sclera, connective tissue, interstitial tis-
sue, and tissue spaces. At 8 h, only the kidneys, areas of the 
lungs, and intestinal contents had high levels of PVP. Low 
molecular weight PVP passes rapidly through the glomer-
ulus and is eliminated through the kidneys. The T 1/2 for 
the elimination of PVP in the low molecular weight has 
been reported to be as low as 12 h and as high as 72 h (Chi 
et al., 2006; Gartner et al., 1968). However, larger molecu-
lar particles can be retained in the monocyte/macrophage 
system. Since there was no metabolic degradation of PVP 
and no significant route of excretion except by the kidneys 
(Ravin et  al.,  1952), 35%–49% of PVP is retained indefi-
nitely in the body after iv infusion (Altemeier et al., 1953). 

Retention of PVP showed slight enlargement of the spleen, 
damaged the liver and kidneys, some organs became gran-
ules and vacuoles, and some nephron tubular epithelium 
formed casts (Hartman, 1951). Our current data suggested 
that the low MW weight PVP by acute use does not cause 
renal injury.

There are several limitations of the work. First, only 
male rats were used in this study. It is well established 
that there are sex differences in the regulation of kidney 
functions, including in our previously published work (Li 
et al., 2019; Xu et al., 2021; Yan et al., 2008). Whether the 
response of PVP-induced changes in renal functions is dif-
ferent between males and females is unknown. Second, the 
experiments do not define if the effects of PVP are only at 
the PT, and whether effects on distal segments might con-
tribute to the strong natriuresis, with other effects perhaps 
exerting anti-kaliuretic effects (e.g., by inhibition of ENaC, 
ROMK, or BK channels). Lithium clearance might also be 
informative since osmotic diuretics increase it, whereas 
loop and DCT diuretics lower it (Koomans et  al.,  1989; 
Skøtt,  1994; Stokke et  al.,  1990). Direct comparison with 
mannitol might also be performed. Third, the kidney tis-
sue was not collected to measure ion transporters (such as 
NHE3, NCC, NKCC2, ENaC, or ROMK) trafficking and 
expression, and other parameters such as calcium, magne-
sium, and bicarbonate that might be affected by the PVP 
were not examined.

In summary, we have demonstrated that acute ad-
ministration of low molecular weight PVP produces sig-
nificant diuretic, natriuretic, and kaliuretic effects. The 
effects differ from the classical loop diuretic furosemide 
and DCT transport inhibitor hydrochlorothiazide. Acute 
use of low molecular weight PVP reduces proximal tubule 
transport function but does not cause significant renal or 
tubule cell damage.
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