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Abstract

Kidney proximal tubule (PT) cells have high-metabolic demands to drive the extraor-

dinary ion and solute transport, water reabsorption, and endocytic uptake that occur

in this nephron segment. Increases in renal blood flow alter glomerular filtration rate

and lead to rapid mechanosensitive adaptations in PT transport, impacting metabolic

demand. Although the PT reabsorbs essentially all of the filtered glucose, PT cells rely

primarily on oxidative metabolism rather than glycolysis to meet their energy

demands. We lack an understanding of how PT functions are impacted by changes in

O2 availability via cortical capillaries and mechanosensitive signaling in response to

alterations in luminal flow. Previously, we found that opossum kidney (OK) cells reca-

pitulate key features of PT cells in vivo, including enhanced endocytic uptake and ion

transport, when exposed to mechanical stimulation by culture on an orbital shaker.

We hypothesized that increased oxygenation resulting from orbital shaking also con-

tributes to this more physiologic phenotype. RNA seq of OK cells maintained under

static conditions or exposed to orbital shaking for up to 96 hours showed significant

time- and culture-dependent changes in gene expression. Transcriptional and met-

abolomics data were consistent with a decrease in glycolytic flux and with an

increased utilization of aerobic metabolic pathways in cells exposed to orbital

shaking. Moreover, we found spatial differences in the pattern of mitogenesis vs

development of ion transport and endocytic capacities in our culture system that

highlight the complexity of O2-dependent and mechanosensitive crosstalk to regulate

PT cell function.
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1 | INTRODUCTION

Kidney proximal tubule (PT) cells recover 65% of filtered ions, metab-

olites and essentially all of the glucose and protein that escapes the

glomerular filtration barrier. To accomplish this, PT cells maintain

unique morphologic characteristics. These include an apical brush bor-

der membrane to maximize capture of ions, metabolites, and filtered

proteins from the glomerular filtrate and a highly invaginated bas-

olateral membrane replete with the Na+/K+-ATPase needed to drive

ion and water reabsorption. The metabolic demands of the PT are

extraordinary, and require efficient delivery of O2, which is mediated

by the very high blood flow to the kidneys (~25% of cardiac output).1

Typically, PT cells rely on oxidative metabolism fueled largely by lac-

tate, glutamine and fatty acid β-oxidation to maintain ATP and

reduced nicotinamide adenine dinucleotide (NADH) levels necessary

to maintain the functions of this nephron segment.2,3 This is in con-

trast to other kidney cell types that primarily depend on glucose to

drive their energy needs.2 The reliance of PT cells on other fuels may

reflect the need to access more highly efficient metabolic pathways to

support ATP and NADH production. Alternatively or in addition,

because the PT plays an essential role in reabsorbing filtered glucose,

these cells must disconnect their metabolic demands from the large

variations in their cytoplasmic glucose levels that accompany fee-

ding/fasting cycles.

Replicating in vivo metabolism in culture models is important for

developing a comprehensive understanding of kidney disease etiology

and progression. Studying PT function in cell culture has been chal-

lenging because many of the available model cell lines fail to replicate

key features of this nephron segment. Moreover, primary cell cultures

isolated from kidney cortex tend to rapidly dedifferentiate. We have

found that culturing opossum kidney (OK) cells under orbital shear

stress results in dramatic upregulation of transport and trafficking pro-

teins, enhanced endocytic capacity, increased apical microvilli and

basolateral invaginations and mitochondrial and lysosomal biogene-

sis.4 Consistent with the need for increased energy production to

maintain these morphological and functional changes, we also

observed a significant increase in adenine nucleotide levels in cells

cultured under orbital shaking. This new culture model thus provides

a powerful system in which to examine general aspects of PT func-

tion, and specifically to address the complex interrelationships

between metabolism and the initiation and progression of kidney

disease.

Our orbital culture model results in both improved oxygenation

and mechanosensitive stimuli that could contribute to cell differentia-

tion. To better understand whether and how these factors contribute

to enhanced PT differentiation, we performed RNA seq on cells

maintained under static conditions or exposed to orbital shaking for

up to 96 hours, and assessed the changes in transcription of enzymes

involved in cell metabolism. Our data are consistent with a shift away

from glycolytic metabolism characterized by changes in enzyme tran-

scription, steady state metabolite levels and fuel utilization. Taking

advantage of spatial differences in oxygen availability vs shear stress

distribution in our culture model, we then determined whether and

how these two parameters affect the development of specific PT

functions in our model system.

2 | RESULTS

Transcriptional changes in metabolic enzymes induced by cell culture

under orbital shear stress. We performed RNA seq on OK cells plated

on filter supports and maintained under static conditions (0X orbital

speed [OS] for 0, 48, 96 hours) or cultured on a rotating shaker at

146-rpm OS (1X OS) for 12, 48 and 96 hours (Figure 1A). Three sam-

ples, each consisting of RNA isolated and pooled from three indepen-

dent experiments, were sequenced for each time point. Reads were

processed, assigned, and adjusted for batch variation as described in

Methods, and the final dataset is provided in Table S1. Principle com-

ponent analysis (PCA) showed highly consistent changes in gene

expression patterns among the three experiments (Figure 1B). Cells

exposed to shear stress for as little as 12 hours had a significantly dif-

ferent transcription profile compared with the starting cell population

(0 hour). Culture for 48 or 96 hours resulted in further divergence of

transcripts between cells maintained on an orbital shaker vs under

static conditions, and between both of these and the starting cell pop-

ulation (Figure 1B). In total, 1053 genes were identified whose expres-

sion is significantly different across comparison of any two conditions.

Forty-four genes were differentially expressed (relative to 0 h) within

12 hours of exposure to orbital shear stress, whereas 300 to

400 genes were differentially expressed in other pairwise

comparisons.

Pathway analysis highlighted several significant metabolic path-

ways altered in cells exposed to orbital shaking, and the top pathways

identified using Ingenuity Pathway Analysis (IPA)5 and other pathway

analysis algorithms are listed in Table 1. Despite some differences in

ranking, all programs identified multiple pathways involving changes

in metabolism and responses to O2 levels. Among the most common

pathways identified were activation of the liver, retinoic, farnesoid,

and pregnane X receptors (LXR, RXR, FXR and PXR) responsible for

regulating lipid synthesis and transport, glucose metabolism and

hypoxia-inducible factor (HIF)-regulated pathways. Up- and down-

regulated genes were analyzed separately using IPA, and the results

are summarized in Table S2. These changes are consistent with the

increased lysosomal and mitochondrial biogenesis and adenine nucle-

otide levels we previously measured in cells exposed to orbital shear

stress.4

We generated a heat map of metabolic enzymes whose expres-

sion was significantly affected in cross-comparisons of each condition

(Figure 2). Data from the heat map and quantitative metabolomics

studies described in Figure 3A are integrated in Figure 3B to show

changes in transcripts and metabolites along the glycolytic and tricar-

boxylic acid cycle (TCA) pathways. Among the most striking changes

was a dramatic upregulation of phosphofructokinase (PFKL/PFKP), the

rate-limiting enzyme in glycolysis, in cells cultured at 0X OS and its

concomitant downregulation in cells exposed to orbital shear stress.
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Similarly, expression of hexokinase 1 (HK1) was upregulated in cells

maintained for 96 hours at 0X OS. Changes in the transcription of

irreversible enzymes along the glycolytic/gluconeogenic pathway

(HK1, PFKL/PFKP and fructose 1,6-bis-phosphatase [FBP]) were vali-

dated using quantitative polymerase chain reaction (qPCR), although

qPCR and RNA seq data for the reversible enzyme glucose

6-phosphate isomerase, whose activity is regulated by substrate avail-

ability, were discoordinate (Figure S1). Trehalase, a kidney brush bor-

der enzyme that cleaves the disaccharide trehalose into two

molecules of glucose and is believed to contribute to glucose uptake

by the PT,6 was also significantly upregulated under these conditions,

suggesting that cells plated on filter supports and maintained under

static conditions rely increasingly on glycolysis.

By contrast, our findings are consistent with a decreased reliance

on glucose as a metabolic fuel when filter-grown cells are cultured at

1X OS (Figures 2 and 3B). These cells expressed lower levels of tran-

scripts encoding numerous glycolytic enzymes, including HK1, PFKL

and the enolase isoenzymes ENO1 and ENO2. We also noted changes
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F IGURE 1 Orbital shear stress enhances OK cell differentiation and induces temporal changes in transcription. A, Flowchart of experimental
design. OK cells were plated on permeable filter supports and the following day shifted to an orbital shaker at 146 rpm (1X OS) or maintained

under static conditions (0X OS). One set of filters was processed immediately for isolation of RNA, and additional samples were collected at the
indicated times. RNA isolated from three independent time courses was pooled for each experiment. Cells at 96 hours were exposed for 1 hour
to fluorescent albumin and then fixed and stained with rhodamine-phalloidin to visualize actin in order to highlight the enhanced differentiation
and endocytic capacity in cells cultured under shear stress. Scale bar: 10 μm. B, PCA of RNA seq data confirms reproducible temporal changes in
transcription in three separate experiments. Each time point (0, 12, 48 and 96 hours) is denoted by a different color; data from cells cultured at
0X and 1X are shown in circles and triangles, respectively
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F IGURE 2 Culture under orbital shear stress alters expression of metabolic enzymes. Statistically significant (P < 0.05) changes in expression
of metabolic enzymes identified by cross-comparisons of all conditions. Each column represents data from one experiment at a single time point.
Data for each enzyme were normalized to the average counts across all 18 samples, and the fold change relative to the mean is plotted as a
heat map
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in the expression of lactate dehydrogenase (LDH) A and B isoenzymes

that likely impact OK cell metabolism. LDHA (aka the M subunit) is the

predominant form expressed in liver and muscle and is kinetically

adapted to convert pyruvate into lactate to promote glycolysis.7 Con-

versely, LDHB (aka the H subunit) predominates in cardiac muscle and

is optimized to convert lactate into pyruvate for entry into the TCA

cycle. We observed a >4-fold reduction in LDHA in cells cultured at

1X OS relative to cells maintained at 0X OS. By contrast, there was a

~1.8-fold increase in LDHB transcripts in 1X OS cells, although this did

not reach statistical significance (data included in Table S1). Indeed,

the ratio of LDHB:LDHA transcripts in 1X OS cells is very similar to

that reported in the S1 segment of the rat PT (5.8:1 vs 7.5:1, respec-

tively).8 Consistent with a reduction in LDHA enzyme expression, the

rate of LDH-mediated conversion of pyruvate to lactate in lysates

from cells cultured at 1X OS was roughly half that of cells cultured at

0X OS (0.41 vs 0.94 nmol/min/μL, respectively). Cells cultured at 1X

OS also expressed significantly more transcripts for enzymes required

for metabolism of medium and long-chain fatty acids (ACSM2A and

ACSL5, respectively).

Culture-dependent changes in cell metabolites and fuel utilization.

We used mass spectrometry to quantitatively compare steady-state

metabolite levels in cells exposed to shear stress or maintained under

static conditions for 96 hours. Raw data are shown in Figure S2, and

the ratio of individual metabolites in cells cultured at 1X vs 0X OS is

plotted in Figure 3A. Consistent with a reduction in glycolytic flux

suggested by the decreased expression of HK1 and PFKL transcripts,

cells cultured at 1X OS had significantly reduced levels of glucose-

6-phosphate and fructose 1,6-bisphosphate compared with cells

maintained at 0X OS. OK cells cultured at 1X OS also had dramatically

reduced levels of lactate and pyruvate compared with cells maintained

under static conditions, consistent with rapid utilization of these

metabolites at steady state. Pyruvate (via an acetyl-CoA intermediate)

is converted to citrate upon entry into the TCA cycle (Figure 3B), and

we found significantly increased levels of citrate and cis-aconitate in

cells cultured at 1X OS. Citrate can also be produced from fatty acids

via acetyl-CoA, and this could contribute as well to the difference we

observed.

Finally, cells at 1X OS had significantly lower levels of glutamate

and arginine compared with cells maintained at 0X OS. Glutamate is

synthesized from α-ketoglutarate by glutamate dehydrogenase, a

branch-point enzyme between carbon and nitrogen metabolism. In

turn, glutamate can be directed either toward purine synthesis or

converted to arginine. The dramatic reduction in cellular arginine

levels may thus reflect the high demand for purine synthesis in cells

cultured at 1X OS.

The intrinsic fluorescence of NADH and NADPH [together

referred to as NAD(P)H] provides a useful tool to monitor the meta-

bolic activity of cells.9 We monitored changes in NAD(P)H

autofluorescence to qualitatively evaluate the ability of OK cells cul-

tured at 0X vs 1X OS to generate NAD(P)H from glucose or lactate.

OK cells were cultured at 0X or 1X OS in serum-free medium

(to deplete fatty acids) and then imaged in base medium spiked with

glucose or lactate as described in Methods. Consistent with our previ-

ous mass spectrometry measurements, baseline NAD(P)H levels in

cells incubated without these fuels were higher in cell cultured at 1X

OS compared with cells maintained under static conditions (not

shown).4 Cells cultured at either 0X OS or 1 X OS were able to gener-

ate NAD(P)H when transferred to base medium containing either lac-

tate or glucose, as seen by the increase in autofluorescence over time

(Figure 4). In both cases, lactate generated more NAD(P)H than glu-

cose. This was especially evident in cells cultured at 1X OS, where

NAD(P)H levels increased dramatically within the first time point we

could measure (5 minutes) and continued to rise. Glucose also elicited

an obvious change in NAD(P)H levels, but more slowly. Taken

together, our transcriptomic analysis and metabolomics data suggest

that culturing OK cells under orbital shear stress suppresses glucose

utilization and glycolysis, while increasing alternative sources of

acetyl-CoA production (eg, from lactate or fatty acid oxidation), similar

to the metabolism and energy utilization of the PT in vivo. However,

TABLE 1 Top 10 pathways enriched for differentially expressed
genes in cells cultured at 0X vs 1X OS

IPA
BaseSpace correlation
engine canonical

BaseSpace
correlation
engine GO

FXR/RXR

activation

HIF-1-alpha transcription

factor network

Response to

hypoxia

LPS/IL-1-mediated

inhibition of RXR

function

Genes involved in

biological oxidations

Response to

decreased

oxygen levels

LXR/RXR

activation

Genes involved in

metabolism of amino

acids and derivatives

Extracellular matrix

Glycolysis I Genes involved in

transmembrane

transport of small

molecules

Xenobiotic

metabolic

process

PXR/RXR

activation

Complement and

coagulation cascades

Response to

xenobiotic

stimulus

Coagulation system Extrinsic prothrombin

activation pathway

Proteinaceous

extracellular

matrix

Acute phase

response

signaling

Glycolysis/gluconeogenesis Cofactor binding

Extrinsic

prothrombin

activation

pathway

Genes involved in

glycolysis

Organic acid

catabolic process

Xenobiotic

metabolism

signaling

HIF-2-alpha transcription

factor network

Positive regulation

of cell

differentiation

HIF1α signaling Genes involved in

metabolism of lipids and

lipoproteins

Response to metal

ion

FXR, farnesoid X receptors; GO, gene ontology; IL-1, interleukin-1; LPS,

lipopolysaccharide; LXR, liver X receptors; PXR, pregnane X receptors;

RXR, retinoic X receptors.
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fuel availability is apparently not a limiting factor for the development

or maintenance of apical endocytic capacity, as neither culturing cells

with supplemental lactate for 4 days nor adding it acutely (1 hour

before the experiment) affected albumin uptake (not shown).

Aerobic vs mechanosensitive responses to chronic orbital shaking.

Several previous studies have demonstrated a shift in metabolism

toward gluconeogenesis when primary and immortalized PT cells are

cultured on rocking platforms or in roller bottles.10-18 Oxygen
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glucose

G6P

fructose-1,6P2

GA3P DHAP

PEP

3PG

HK1

GPI

F6P
PFKL
PFKP

ADLOA
ALDOB

TPI1

ENO1
ENO2

PGK1

FBP1

PKLR
pyruvate

lactate

oxaloacetate

LDHB*

aspartate

GOT1

TREH

trehalose

fructose-1P

TFKC

glyceral

fructose

KHK

ALDOB

acetyl-CoA

pyruvate

aspartate

oxaloacetate

malate

fumarate

α-ketoglutarate
citrate

cis-aconitate

succinate

arginine
glutamine

glutamate

purines

mitochondria

LDHA

OGDH*

GPT2

fatty acids

ACSM2A
ACSL5

(A)

(B)

F IGURE 3 Culture under orbital shear stress alters steady-state metabolite levels in OK cells. A, Cellular metabolite levels were quantified by
mass spectrometry from cells cultured at 0X or 1X OS. The fold change for each metabolite (1X/0X OS) is plotted (n = 6; *P < 0.05 based on
comparison of raw values by t test). B, Schematic of glycolytic and TCA pathways highlighting statistically significant changes in metabolic enzyme
transcripts and metabolites measured by RNA seq and mass spectrometry, respectively. Red indicates upregulation and green indicates
downregulation of genes and metabolites in cells cultured for 96 hours at 1X vs 0X OS. Asterisks denote transcripts of relevant genes that were up-
or downregulated (LDHB and OGDH) but did not reach the threshold for significance in our RNA seq analysis. 3PG, 3-phosphoglycerate; DHAP,
dihydroxyacetone phosphate; F6P, fructose 6-phosphate; GA3P, glyceraldehyde 3-phosphate; glycerald, glyceraldehyde; G6P, glucose
6-phosphate; OGDH, oxoglutarate dehydrogenase
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diffusion in unstirred medium is limited, and renal epithelial cells are

presumed to be hypoxic under standard culture conditions.10,18-20

Because gluconeogenesis does not occur under anaerobic conditions,

these studies concluded that improved oxygenation is the primary

cause of metabolic changes. On the other hand, PT and other cells are

responsive to mechanical signals that also alter transcriptional

responses.21,22 We previously found that cell culture in sealed laminar

flow chambers, where oxygenation is uncoupled from shear stress,

enhances endocytic capacity of OK cells, suggesting that flow sensing

contributes to PT cell differentiation independent of O2 availability.4

However, the relationship between oxygenation, shear stress, and

metabolism is complex, as many of the key mediators of metabolic

regulation (eg, mammalian target of rapamycin [mTOR] and HIF1α)

reciprocally regulate one another and are known to be impacted by

changes in O2 availability and shear stress.23-25

To assess whether enhanced oxygenation contributes to the dra-

matic changes in metabolism and endocytic capacity on PT function in

our culture model, we asked how altering apical medium volume (ie,

height, while maintaining identical nutrient availability in the bas-

olateral medium) would affect endocytosis in cells cultured under

static conditions or exposed to orbital shear stress (Figure 5). Under

our standard conditions, cells are cultured with 500-μL medium added

to the apical chamber and 1.5 mL added basolaterally, with daily

changes to both compartments. To test the effect of medium height

on endocytosis, we cultured cells at 0X or 1X OS in 100- to 800-μL

apical medium, and then quantified endocytic uptake in all samples

after a 15-minute incubation with AlexaFluor-647 albumin. Culture in

reduced apical medium volumes has previously been demonstrated to

enhance oxidative metabolism.10 Moreover, we hypothesized that O2
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glucose

1X OS
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F IGURE 4 Cells cultured under orbital
shear stress have higher levels of NAD(P)
H and preferentially utilize lactate over
glucose as fuel. Cells cultured on filter
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overnight. A strip was cut from each filter,
placed on a MatTek dish, covered with
base medium spiked with lactate or
glucose, and overlaid with a coverslip.
4',6-diamidino-2-phenylindole (DAPI)
filter NAD(P)H autofluorescence was
imaged by epifluorescence microscopy.
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bar: 50 μm
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F IGURE 5 Effect of apical medium volume on endocytic uptake.
OK cells plated on filters were cultured for 72 hours in 1.5-mL
basolateral medium and 100- to 800-μL apical medium with daily
changes. After rinsing in serum-free medium, duplicate sets of filters

were incubated with 100 μL apically added AlexaFluor-647 albumin
(50 μg/mL) for 15 minutes. Albumin uptake was quantified
spectrophotometrically and normalized for cell number. Data for
endocytic uptake by 1X OS cells cultured under our standard
conditions (500-μL apical medium, arrowhead) were set to 100% in
each experiment. The mean ± SD of four independent experiments is
plotted. Uptake of albumin at 1X OS was significantly different (using
2-way analysis of variance with multiple comparisons [Tukey
method]) from that at 0X OS at all medium volumes except 200 μL.
Albumin uptake in 1X OS cells was not significantly different from the
standard condition at any volume; uptake at 0X OS in 100 and 200 μL
was significantly different from the standard condition; P < 0.001
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availability would be greater and also less sensitive to differences in

volume in medium subjected to continuous orbital shaking at 1X

OS. Indeed, this is what we observed. Similar to our previously publi-

shed findings,4 endocytic capacity was roughly 3-fold higher in cells

cultured in 500-μL apical medium at 1X OS compared with 0X OS

(Figure 5, arrowhead). Endocytic uptake in cells cultured at 0X OS

increased as the medium level was reduced from the standard 500 to

100 μL, with maximal endocytosis observed at 200 μL. However, albu-

min endocytosis in these static-grown cells, even at very low apical

medium volumes, did not approach that of cells cultured at 1X

OS. We conclude that changes in O2 availability contribute in part to

modulating endocytic capacity in OK cells. By contrast, decreasing

apical medium volume to 200 μL in cells cultured at 1X OS had no sig-

nificant effect on endocytic uptake. The opposite trend was observed

when apical medium volume was increased above the usual 500 μL.

Whereas there was no decrease in endocytic uptake in cells

maintained at 0X OS, some reduction was evident when cells at 1X

OS were cultured in ≥700 μL apical medium, presumably because

these higher volumes impact cellular O2 availability and/or shear

stress (Figure 5).

The discoordinate spatial variation in oxygenation vs shear stress

in our orbital culture model provides another means to distinguish

between the effects of these two parameters on the development of

PT cell functions. In a circular format, shear stress induced by rotation

will be essentially zero at the center of each filter, and increase with

the radius as fluid moves faster across the cells.26,27 Toward the

periphery of the filter, fluid shear stress is predicted to decrease as a

result of frictional edge effects. By contrast, O2 availability should be

similar across the filter because of the rapid and continuous circula-

tion of the medium. We previously demonstrated using quantitative

imaging that cell culture at half of our normal OS (73 rpm, 0.5X OS)

results in intermediate effects on endocytosis and proliferation

between those observed in cells cultured at 0X and 1X OS.4 Interest-

ingly, at this suboptimal speed, there is a spatially dependent distribu-

tion of albumin uptake across the filter radius, such that endocytosis

of albumin/cell increases with distance away from the center. By con-

trast, endocytic uptake in cells cultured at 1X OS was high and rela-

tively uniform across the entire filter.4 These data suggested that

exposure to shear stress is important for expanding endocytic capac-

ity in our cells.

To extend these studies, we examined how culture under shear

stress impacts the spatial profiles of mitochondrial biogenesis (Cox4

expression) and ion transport (Na+/K+-ATPase α subunit expression)

in addition to endocytic capacity (albumin uptake). For this purpose,

we transitioned to culturing cells on 24-mm diameter (6-well) filters in

order to provide sufficient material for spectrofluorimetric quantita-

tion of albumin uptake and western blotting of cell lysates from the

same filters. Control experiments confirmed that, similar to our results

on 12-well filters, endocytic uptake in cells cultured at 0.5X OS on

these larger filters was also intermediate between 0X and 1X OS (not

shown). After exposing cells to fluorescent albumin for 15 minutes, a

10-mm-wide strip was cut across the length of each filter, divided into

edge, middle, and center sections as shown in the diagram in

Figure 6A, and the cells were solubilized. Albumin uptake was quanti-

fied using a spectrophotometer and normalized for protein recovery.

Equal protein loads were western blotted to quantify Na+/K+-ATPase

α subunit and Cox4.

As shown in Figure 6B, endocytic uptake of albumin was signifi-

cantly lower in the center of the filters cultured at 0.5X OS, similar to

our previous observations using quantitative imaging.4 This was in con-

trast to albumin uptake in cells maintained under static conditions,

which was uniform across the filter diameter. The distribution of Na+/

K+-ATPase α subunit, measured by western blotting, paralleled that of

albumin (Figure 6C). Strikingly, however, Cox4 expression distribution

was uniform across the filter under both static conditions and in cells

cultured at 0.5X OS (Figure 6D). Additionally (and different from albu-

min uptake and Na+/K+-ATPase α subunit expression), Cox4 levels were

not increased in cells cultured at 0.5X vs 0X OS. The concordance in

spatial distribution of albumin uptake and Na+/K+-ATPase expression

with the predicted variation in shear stress across the filter diameter

suggests that development of elevated endocytic and ion transport

capacity in cells cultured under orbital shaking reflects (at least in part)

cellular responses to shear stress. By contrast, Cox4 expression appears

unaffected by shear stress at this suboptimal rotation speed.

3 | DISCUSSION

Here, we have demonstrated that OK cells exposed to continuous

orbital shaking acquire metabolic characteristics more similar to those

of the PT in vivo compared with cells maintained under static condi-

tions. This adaptation is the result of transcriptional changes initiated

within 12 hours of culture on an orbital shaker. Changes in metabolic

enzyme mRNA levels are paralleled by changes in expression of ion

transporters and receptors that define key PT functions, including

sodium reabsorption and endocytic uptake of filtered proteins.4 More-

over, our data suggest that improved O2 availability resulting from

enhanced medium aeration and mechanosensitive cues triggered by

shear stress both contribute to the enhanced differentiated pheno-

type of these cells.

We found significant alterations in metabolic enzyme expression

in cells cultured with orbital shaking for up to 96 hours compared with

cells maintained under static conditions. The changes we observed in

transcription are consistent with a switch away from glycolytic metab-

olism and closer to that of PT cells in vivo. We confirmed that cells cul-

tured at 0X vs 1X OS accumulate different steady state metabolites

consistent with the observed changes in metabolic enzyme expres-

sion. Moreover, cells cultured under orbital shear stress preferentially

utilize lactate to generate NADH, similar to what has been observed

in isolated perfused tubules and in vivo.2 The shift from anaerobic

pathways to more efficient aerobic metabolism is consistent with our

previous study demonstrating a large increase in adenine nucleotide

levels, including ATP and NADH, in cells cultured at 1X OS compared

with 0X OS.4 Moreover, many enzymes in the glycolytic pathway are

known to have other effects on cell homeostasis independent of their
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metabolic functions, including transcriptional regulation, cytoskeletal

modulation and cell motility, and cell division and survival.28,29

Previous studies have shown that culturing PT cells on a rocking plat-

form alters their metabolism; a function that was attributed to enhanced

oxygenation of the medium.10,16,17 Our data suggest that increasing O2

availability also leads to expanded endocytic capacity, as culturing cells

maintained under static conditions in smaller apical medium volumes

increased albumin uptake by roughly 2-fold. However, maximal uptake in

these static-grown cells was still only ~70% of that measured in cells cul-

tured at 1X OS over a wide range of apical fluid volumes, consistent with

the idea that the shear stress, in addition to improved aeration, contrib-

utes to cell differentiation under our optimal culture conditions.

0.5X OS p-values:
1 vs 2 = 0.0002
1 vs 3 = 0.0006

0.5X OS p-values:
1 vs 2 = 0.0003
1 vs 3 = 0.0021

0

5

10

15

20

25

(D)

Edge

Middle

Center

1 1 223 3

0

5

10

15

20

25

0

5

10

15

20

25
%

 o
f t

ot
al

 0
.5

X 
O

S
Albumin(B)

0.5X OS
0X OS

3 32 21 1

(A)

0

10

20

30

0

10

20

30

Na-K-ATPase

0X OS

0.5X OS
(C)

%
 o

f t
ot

al
 0

.5
X 

O
S

3 32 21 1

0

5

10

15

20

25
0X OS
0.5X OS

COX4

%
 o

f t
ot

al
 0

.5
 O

S

3 32 21 1

F IGURE 6 Orbital shaking
differentially affects the spatial
distribution of albumin uptake, Na+/
K+-ATPase, and Cox4 expression.
OK cells were cultured on 6-well
filter supports under static
conditions (0X OS) or at 73 rpm
(0.5X OS) for 72 hours, then
exposed to 50 μg/mL AlexaFluor-
647 for 15 minutes. A ~24 × 10-mm
strip running across the diameter of
each filter was cut with a razor blade
and further divided into six fractions
(two each representing the edge (3),
middle (2), and center (1) of the filter
diameter) as shown in panel (A).
Cells in each were solubilized and
protein concentration was
determined. Albumin uptake (B) was
quantified in each fraction and
normalized for protein content, and
equal amounts of protein were
western blotted to quantify Na+/K+-
ATPase α subunit (C) and Cox4
levels (D). The total signal in the six

sections from each 0.5X OS filter
was summed, and the percentage of
total in each fraction was plotted to
assess distribution across the filter
diameter. Individual determinations
from three independent experiments
are plotted, and the mean values are
connected by the lines (0X OS, gray
lines, 0.5X OS, black lines); Statistical
significant comparisons are noted in
each panel, and were calculated
using combined center vs middle
(1 vs 2) and edge (1 vs 3) values
using 2-way analysis of variance
with multiple comparisons (Tukey
method)
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Both microvilli and primary cilia have been implicated in

mechanosensitive responses to acute changes in shear stress in PT

and other kidney cells.30-36 Although we could not distinguish

between a role for microvilli and/or primary cilia as flow sensors, our

data support for a role for mechanotransduction in PT cell differentia-

tion in response to continuous orbital shear stress. Moreover, exami-

nation of the spatial distribution of cell responses suggests that O2

availability and shear stress contribute discoordinately to the develop-

ment of PT functional characteristics in OK cells exposed to orbital

shaking. We previously showed (and confirmed in our studies here)

that endocytic capacity/cell varies across the diameter of filters cul-

tured at suboptimal OS, with the least uptake near the center of the

filter where shear stress is predicted to be the lowest.4 Similarly,

expression of Na+/K+-ATPase followed a similar pattern. By contrast,

expression levels of the mitochondrial protein Cox4 were unchanged

by orbital shaking and were uniformly distributed across the filter. The

differential effects on Na+/K+-ATPase expression and endocytosis vs

Cox4 expression observed under these suboptimal culture conditions

suggest that shear stress and O2 target different signaling pathways

to initiate cell differentiation.

PT metabolism plays an essential role in the maintenance of kidney

function, and both O2 consumption and mechanosensitive responses to

tubular flow have been implicated in disease progression.37-39 For

example, changes in energy production are a hallmark of autosomal

dominant polycystic kidney disease cells. The polycystin (PC) proteins

mutated in this condition are localized in part to primary cilia on distal

tubule cells and have been suggested to regulate flow-dependent sig-

naling. PCs are known to regulate Ca2+ signaling to mitochondria as well

as mTOR complex 1 (mTORC1) signaling that could contribute to meta-

bolic changes.40,41 In turn, PC trafficking and activity are dependent on

O2 levels.
41 In the case of diabetes, changes in the availability of meta-

bolic fuels alter PT metabolic pathways, leading to increased O2 con-

sumption that drives hypoxic injury and disease progression.3,42

Given the intimate connection between renal blood flow and glo-

merular filtration rate, it is no surprise that there is considerable

crosstalk between O2 provided by cortical capillaries and

mechanosensitive responses to tubular flow. Presumably, these inputs

act synergistically to link PT metabolism with ion transport and endo-

cytosis needs. Renal O2 levels regulate metabolic function via HIF1α,

and also through mTOR.43,44 Flow sensing mediated by primary cilia

in the PT has also been demonstrated to modulate mTOR, which in

turn regulates HIF-1α.24,45 Increased flow also leads to mTOR-

dependent changes in amino acid transport and endocytosis of fil-

tered proteins that further support PT cell metabolism.46,47 The cell

culture model described here provides a useful system in which the

contributions of O2 and flow sensing to PT metabolism and other cell

functions in normal and disease states can be investigated.

4 | MATERIALS AND METHODS

Cell culture and RNA seq. OK cells (RRID:CVCL_0472) were cultured as

previously described.4,48 Unless otherwise indicated, 4 × 105 cells

were plated on 12-mm Transwells with 0.4-μm pore polycarbonate

membrane inserts (Corning) in a 12-well plate, with 0.5-mL apical

medium and 1.5-mL basolateral medium [DMEM/F12 medium (Sigma

D6421) with 10% FBS (Atlanta Biologicals) and 5-mM GlutaMAX

(Gibco)]. The following day (t = 0 hour), cells were transferred to an

orbital platform shaker rotating at 146 rpm 1X OS or maintained

under static conditions (0X OS) for 96 hours prior to use. For RNA

seq studies, cells were collected using Accutase (BD Biosciences) and

RNA was extracted using the Ambion PureLink RNA mini kit

(ThermoFisher) at 12, 48 and 96 hours after transferring cells to 1X

OS and at 0, 48 and 96 hours from cells maintained at 0X OS. RNA

from three experiments was combined to create each sample, and

three independent samples were sequenced for each time point.

Library preparation was performed using the TruSEQ-Stranded Total

RNA Sample Preparation Kit (Illumina) according to manufacturer's

instructions. Following removal of ribosomal RNA, the remaining RNA

was fragmented for 8 minutes, followed by reverse transcription per-

formed. Double-stranded cDNA was subjected to 30 adenylation and

ligation of sequencing adapters. Sequencing was carried out on a

NextSeq 500 (Illumina) to generate 75-bp paired-end reads. An aver-

age of 80 million paired reads was analyzed per sample.

Raw sequence reads were cleaned for adapter sequences using

cutadapt49 with default parameters. The trimmed reads were mapped

to the Monodelphis domestica reference genome (MonDom5) using

TopHat2,50 allowing for a base-pair mismatch value of 6. Prior to cal-

culating raw count values with the Subread package featureCounts,51

reads aligned to mitochondrial genes and ribosomal RNA were

removed.

Differential gene expression analysis was performed with the

DESeq2 package,52 using the raw count values generated from the

previous step, and the batch effect was removed by adding the surro-

gate variable estimated by the sva package.53 Differentially expressed

genes were determined from seven different comparisons

(1X96h_vs_0X0h, 1X48h_vs_0X0h, 1X12h_vs_0X0h, 0X96h_vs_0X0h,

0X48h_vs_0X0h, 1X96h_vs_0X96h, 1X48h_vs_0X48h), respectively,

with parameters of alpha = 0.05 and lfcThreshold = 1. Ensembl gene

IDs were converted to gene symbols to generate the list of differen-

tially expressed metabolic genes provided in Table S1.

PCA was performed on rlog-processed raw counts using the

DESeq2 package using the “plotPCA” function with default parame-

ters except that all genes (~23 000) were used instead of the top 500.

A heatmap to identify changes in metabolic gene transcription

was constructed using the seven paired comparisons. Approximately,

20 genes that encode enzymes involved in glucose, lipid, and amino

acid metabolism were differentially expressed using our criteria. A

dataframe was created with rlog-processed raw counts from the

18 sequenced samples. Batch effect was estimated and removed

using the “sva” R package function “ComBat,”54 and values (centered

on mean expression) were plotted using Pheatmap package. (The hier-

archy cluster tree distance was calculated by Euclidean method and

ordered by dendsort package.55)

Pathway analysis was performed using IPA, DAVID, Panther Path-

way, BaseSpace Correlation Engine, and MetaCore. Results generated
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from software packages except DAVID and Panther Pathway were

based on human, mouse and rat databases and cross-compared with

one another to increase the reliability.

Metabolomic analysis by untargeted high-resolution liquid

chromatography-mass spectrometry. Metabolic quenching was per-

formed by mechanical homogenization of filter-grown OK cells cul-

tured for 96 hours at 0X or 1X OS in liquid nitrogen. The polar

metabolite pool was extracted using ice-cold 80% methanol in water

with 0.1% formic acid at a ratio of 15 μL per mg of dry tissue. Deuter-

ated (D4)-taurine (100 μM; Sigma) was added to 300 μL of sample as

an internal standard. The supernatant was cleared of protein by cen-

trifugation at 16000xg, dried under nitrogen gas and resuspended in

40-μL 1.5-mM ammonium fluoride in water. Five microliters of rec-

onstituted sample was subjected to online liquid chromatography–

mass spectrometry (LC-MS) analysis.

Analyses were performed by untargeted LC-MS/MS. Briefly, sam-

ples were separated over a reversed phase Phenomenex Kinetex C18

+ column (2.1 × 100 mm, 1.7 μm particle size) maintained at 40�C. For

the 20-minute LC gradient, the mobile phase consisted of the follow-

ing: solvent A (1.5-mM ammonium fluoride) and solvent B (100% ace-

tonitrile). The gradient was the following: 0 to 12.0 minutes 5% B, to

100% B, 12.0 to 15.0 minutes hold at 100% B, 15.0-15.1100% to

5% B, 15.1-20.0 minutes 5%B. The Q Exactive mass spectrometer

was operated in polarity switching mode, using both positive and neg-

ative ion modes, scanning in full MS mode (2-μ scans) from 66.7 to

1000 m/z at 70-000 resolution with an automatic gain control (AGC)

target of 3e6. Source ionization settings were 4.5/3.0-kV spray volt-

age, respectively, for positive and negative modes. Source gas param-

eters were 20 sheath gas, 10 auxiliary gas at 250�C, and 4 sweep gas.

Calibration was performed prior to analysis using the Pierce Positive

and Negative Ion Calibration Solutions (Thermo Fisher Scientific).

Integrated peak areas were then extracted manually using Quan

Browser (Thermo Fisher Xcalibur ver. 2.7). Statistical significance was

determined using t test.

NAD(P)H fluorescence detection. OK cells cultured at 1X OS for

72 hours were incubated overnight in starvation medium (DMEM

[Sigma; D5030] supplemented with 1-g/L glucose, 3.7-g/L sodium

bicarbonate and 0.58-g/L glutamine). After washing twice with PBS, a

rectangular section was excised from each filter, placed onto a

MatTek dish, and covered with 50 μL of base medium (DMEM [Sigma;

D5030] supplemented with 3.7-g/L sodium bicarbonate, and 3.6-g/L

HEPES, pH 7.3] spiked with 2.24-g/L lactate or 3.15-g/L glucose, and

overlaid with a coverglass. For live imaging, cells were maintained at

37�C and 5% CO2 and imaged with a standard 4',6-diamidino-2-phen-

ylindole filter set on a Leica DMi8 microscope equipped with a

40×/1.10 water objective and Leica DFC365 FX camera. For each

treatment group, five stacks were acquired at 15-minute intervals

with identical settings, 3 × 3 binning, and a step size of 2 μm. For

image processing, Fiji was used to quantify each slice in each stack.

Background was subtracted, and images were consistently

thresholded to obtain integrated intensity through the stacks. Leica

LAS X was used to generate 3D volume images. Based on the quanti-

fication, the two highest intensity slices from the stack were cropped

from the original stack, the lowest 20% signal was removed consider-

ing as background, and pseudocolor scale was applied for easy

interpretation.

Spatial distribution of albumin uptake, Na+/K+-ATPase, and Cox4.

OK cells were cultured on 6-well (24-mm diameter) filter supports

under static conditions (0X OS) or at 73 rpm (0.5X OS) for 72 hours,

and then incubated for 15 minutes at 37�C with 500 μL apically added

50-μg/mL AlexaFluor-647 albumin in DMEM/F12 medium sup-

plemented with 25-mM HEPES, pH 7.2-7.5. After washing in PBS, a

~24 × 10-mm strip running across the diameter of each filter was cut

with a razor blade and divided into six roughly equivalent fractions

(two each representing the edge, middle and center of the filter diam-

eter). Each fraction was solubilized in lysis buffer, and the protein con-

centration was measured by Lowry assay. Albumin uptake was

quantified by spectrofluorimetry and uptake in each fraction normal-

ized for protein. Equal protein levels were run on SDS-PAGE gels and

blotted to quantify Na+/K+-ATPase α subunit (Santa Cruz sc-21712;

1:200) and the mitochondrial marker Cox4 (Novus Biologicals

NB110-39115; 1:1000). To quantify spatial differences in albumin

uptake and protein distribution across the filter, the total signal in the

six sections from each 0.5X OS filter was summed, and the percentage

in each fraction relative to this total was calculated. Statistical signifi-

cance was determined by t test.
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The proximal tubule (PT) relies primarily on oxidative metabolism rather than glycolysis to meet the high-energy demands needed to drive
ion transport and endocytic reclamation of filtered proteins. Many of the available model cell lines fail to replicate the key features of this
nephron segment. We found that culturing PT cells under continuous shear stress enhances cell differentiation and drives a metabolic shift
toward oxidative metabolism. Moreover, oxygen availability and shear stress differentially regulate PT responses in this culture model.
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