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Abstract

The mammalian kidney consumes a large amount of energy to support the reabsorptive work it
needs to excrete metabolic wastes and to maintain homeostasis. Part of that energy is supplied via
the metabolism of glucose. To gain insights into the transport and metabolic processes in the
kidney, we have developed a detailed model of the renal medulla of the rat kidney. The model
represents water and solute flows, transmural fluxes, and biochemical reactions in the luminal
fluid of the nephrons and vessels. In particular, the model simulates the metabolism of oxygen and
glucose. Using that model, we have identified parameters concerning glucose transport and basal
metabolism that yield predicted blood glucose concentrations that are consistent with experimental
measurements. The model predicts substantial axial gradients in blood glucose levels along
various medullary structures. Furthermore, the model predicts that in the inner medulla, owing to
the relatively limited blood flow and low tissue oxygen tension, anaerobic metabolism of glucose
dominates.
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1 Introduction

A major function of the mammalian kidney is to produce urine, which serves as a vehicle for
excreting metabolic waste products and for maintaining the balance of electrolytes, acid—
base, and blood osmolality. In part to achieve that goal, the human and rodent kidneys
receive approximately 20-25 % of the cardiac output. A portion of that blood passes through
the renal filters (called the glomeruli) and enters long, narrow tubules (called the nephrons).
Most of that filtrate is reabsorbed, so that only 1-2 L of urine is produced per day in
humans. To support that reabsorptive process, the kidneys require a large amount of energy.
Indeed, although the human kidneys constitute only 0.5%of body mass, they consume
10%of the oxygen used in cellular respiration.

Relative to its size, the amount of blood that the kidneys receive is large (20-25 % of cardiac
output, as previously noted). Thus, the renal cortex (the outermost portion of the kidney) is
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well perfused, with an oxygen tension (Pgy) of ~50 mmHg. However, in large part due to
shunting of cortical blood flow, blood flow in the medulla (the innermost portion of the
kidney) is low (Ganguli and Tobian 1974; Kramer et al. 1960; Stern et al. 1979). That blood
flow must support the relatively high oxygen requirements of the medulla, which are
primarily attributable to Na*/K*-ATPase-mediated active reabsorption of Na*.

Glucose molecules are sufficiently small to pass through the glomeruli. Except under
pathophysiological conditions (e.g., diabetes or pregnancy), 100%of the filtered glucose is
reabsorbed along the initial segment of the nephron (called the proximal tubule). Thus,
tubular fluid entering the renal medulla contains virtually no glucose. Rather, glucose is
supplied to the medulla via medullary blood flow. Glucose may be consumed via either
aerobic or anaerobic metabolism. Aerobic metabolism requires oxygen and produces, via the
Krebs cycle, carbon dioxide and ATP. In regions of the kidney where Pq; is sufficiently
high, glucose is consumed as a fuel for respiration to support, tubular transport and basal
metabolism. It is noteworthy, however, that the kidney also utilizes other fuels, such as fatty
acids, endogenous lipids, ketone bodies, lactate, and some amino acids (Weidemann and
Krebs 1969; Klein et al. 1980). When P, is sufficiently low, such as in the inner medulla
where blood flow is further limited, glucose is metabolized to lactate via a process known as
anaerobic glycolysis.

In separate studies, Thomas and Wexler (1995) and Zhang and Edwards (2006) investigated
glucose transport and its conversion to lactate in the renal medullary circulation using simple
models of vasa recta. In a follow-up study (Hervy and Thomas 2003), Hervy and Thomas
used a more detailed model that explicitly represents renal tubules to investigate the impact
of medullary glucose metabolism on the urine concentrating mechanism of the rat kidney.
Because the focus of those studies was on the accumulation of lactate in the medulla, only
anaerobic glycolysis was considered.

As previously noted, medullary blood and O, supply are relatively limited. Thus, tissue Poo
in the outer and inner medulla is ~20 and 10 mmHg, respectively. One might therefore
expect a significant fraction of the medullary glycolysis, especially in the inner medulla
where Pg is particularly low, to be anaerobic—but what fraction precisely? Anaerobic
glycolysis is less efficient than its aerobic counterpart and produces lactate, the excessive
accumulation of which may cause metabolic acidosis. To quantify aerobic versus anaerobic
glucose metabolism, we develop a mathematical model of the medulla of the rat kidney that
takes into account (i) the transport and consumption of both O, and glucose and (ii) all types
of glucose metabolism, including basal consumption and transport-driven consumption (both
aerobic and anaerobic). Using that model, we conduct a more comprehensive investigation
of renal metabolism.

The present model is based on our published models Fry et al. (2014, 2015) and Layton
(20114, b) which, in addition to detailed representation of tubular and vascular flows, also
represent oxygen utilization and predict Pg» at different medullary levels in the rat kidney.
More specifically, the model represents tubular reabsorption of Na*, as well as the
consumption of O, and glucose that drives that reabsorption. Whether that glucose is
metabolized aerobically or anaerobically is determined based on local Pgy. The model
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requires a large set of parameters, most of which were gleaned from experimental literature
and were thoroughly tested in our earlier studies. However, some of the new model
parameters, including the basal metabolic consumption rate of glucose and the descending
vasa recta (DVR) permeability of glucose, are not well characterized. Thus, a goal of this
study is to identify a set of model parameters that yield model predictions that are consistent
with experimental measurements of tissue glucose concentration in the papillary tip.

2 Model Description

Our model is based on previously applied models of the urine concentrating mechanism, and
oxygen transport and metabolism in the medulla of a rat kidney in an anti-diuretic state (i.e.,
water deprived) (Fry et al. 2014, 2015; Layton 2011a, b); those models are extended to
include glucose transport and metabolism. The model is formulated for steady state.
Represented in the model are vessels that supply the medulla (known as the vasa recta) and
nephron segments found in the medulla: the loops of Henle and the collecting ducts. A
schematic diagram is shown in Fig. 1. Given the key role of red blood cells (RBC) in oxygen
transport and metabolism, which is a major focus of this work, the model separates blood
flow in the vasa recta into two compartments: plasma and RBC. The RBC compartment is
contained within the plasma compartment. The model predicts fluid flows in the tubules and
vessels, which are represented as rigid tubes and interact via the interstitium. To simulate
renal metabolism, the model represents O, and glucose in the luminal fluid of each tubule
and vessel, and in the interstitial fluid; in the red blood cells, nitrosyl-heme (HbNO),
oxyhemoglobin (HbO,), and deoxyhemoglobin (Hb) are also represented. In addition, the
model represents in all compartments (i) NaCl, because much of the renal oxygen
consumption can be attributed to the metabolically driven reabsorption of NaCl, and (ii)
urea, because of its substantial contribution to the osmotically driven reabsorption of water,
especially in the inner medulla. Also represented are nitric oxide (NO) and superoxide
(03), which exert opposite effects on renal vascular and tubular function; the balance
between the two significantly modulates renal oxygenation.

2.1 Anatomy of the Renal Medulla

The renal medulla is divided into the outer and inner medullas, with the outer medulla
further divided into the outer stripe and the inner stripe. The nephron segments that extend
into the medulla are the loops of Henle and collecting ducts. Each loop of Henle consists of
a descending limb and an ascending limb. Two-thirds of the model loops of Henle turn at the
boundary of the outer and inner medulla, whereas the remaining one-third of the loops turn
at all depths of the inner medulla. The longest loop extends through the entire renal medulla,
from the cortico-medullary boundary (x = 0) to the papillary tip (x = L). As some of these
loops turn, the loop population decreases as a function of medullary depth; for details see
Layton (2011a).

The model collecting ducts extend from the cortico-medullary boundary to the papillary tip.
Similar to the loops of Henle, the population of collecting ducts also decreases as a function
of the inner medullary depth; unlike the loops which turn back at differing medullary levels,

Bull Math Biol. Author manuscript; available in PMC 2017 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 4

the collecting ducts undergo successive coalescences within the inner medulla. The fraction
of collecting ducts remaining at a given medullary depth can be found in Layton (2011a).

As previously noted, blood flow in the vasa recta is separated into the plasma compartment
and the RBC compartment. Each compartment is represented by rigid tubules extending
along the cortico-medullary axis. DVR, which supply the capillary plexus, terminate at all
depths of the medulla. The shortest DVR terminates just below the cortico-medullary
boundary, and the longest one reaches into the papillary tip. The fraction of DVR that extend
beyond medullary depth xis given by

1_fSDV0'1I/Lomv 0 S 'r<LOS7
(1_fSDV)+-fSDV(1_0'1LOS/LOM) (1_&) , Los <x<L

Lom —Los

2
(1= fopy) (170.95 (ﬁm) ) e 35— Los)/ ) L <z <L

Wpyr (z)= OoM?

1)

where f5py denotes the fraction of DVR that terminate within the outer medulla, taken to be
44/56; Lowm, Lim, and Los are the lengths of the model outer medulla, inner medulla, and
outer stripe, respectively (given below). The DVR population is depicted in Fig. 2.

The RBC and plasma compartments of the DVR interact similarly to how the tubules and
interstitium interact; in particular, the flux of solutes (in particular, O,) between the two
compartments is driven by local concentration differences (Ji (x) term in Eq. 3 below).

2.2 Model Equations

We present key equations for solute and water volumetric flow rates in the renal tubules and
vasa recta; the equations are based on conservation of water and solutes. The full set of
model equations can be found in Chen et al. (2009c), Edwards and Layton (2011) and
Layton et al. (2012). Key processes involved in the conservation of water and solutes in the
luminal flow of a tubule 7in Fig. 3.

Water conservation for a renal tubule, or for the plasma or RBC compartment of a vessel,
indexed / is given by

= (),

OF,, (x)
or

)

where x s the position along the medulla; £, denotes water volumetric flow rate; and J;/
denotes transmural water flux, taken to be positive into the tubule. Water flux is assumed to
be osmotically driven and the expression of J;,can be found in Layton (2011a).

The steady state conservation equation for a solute kin a renal tubule 7is given by
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where Cj is the concentration of solute kin tubule or vessel 7, Ji is the transmural solute
flux, taken positive into the tubule; A!"™ and Ajpi are the cross-sectional areas of the lumen

of tubule 7and that of the surrounding epithelium, respectively; Ri.};m and Rf}ji are the
volumetric consumption rates of solute & in the lumen of tubule 7and that of the surrounding

epithelium, respectively. For the non-reactive species (i.e., NaCl and urea), Rjgi:R?,;m:O.
The reactions associated with O, NO, O, HbNO, HbO,, and Hb have been previously
described in published models (Chen et al. 2009c; Fry et al. 2014). Of note is that the
majority of the oxygen delivered to the medulla is bound to hemoglobin in the RBCs, and
we assume that the dissociation of HbO, into O, and Hb is described by a Hill equation
dependent on the local O, concentration. (The solute conservation equations for the RBC
compartments are similar to Eq. 3, except most notably that the fluxes into the compartment
are from the surrounding plasma, rather than the interstitium.) G is the epithelial
volumetric generation rate of solute & For the non-generative species (i.e., NaCl, urea, Oy,
HbNO, HbO,), Gjx= 0. The generations associated with NO and O, have also been
described in published models (Chen et al. 2009c; Fry et al. 2014). 6, is the fraction of the
amount of solute k generated in epithelia that diffuses toward (or away from) the lumen,
with the remainder (1-6,) diffusing toward the interstitium. Except for glucose, 6, = 0.5;
i.e., we assume equal contributions from lumen and interstitium. For glucose, whose tubular
luminal concentrations are almost 0, we assume that all the consumed glucose derives from
the interstitium and set 8 = 0. The consumption of glucose, which was not represented in
previous models, will be described later in this section.

The model assumes that there is no axial flow along the interstitium. At a given medullary
level, any net fluid accumulation in the interstitium, which arises from capillary source
(from DVR) and from water reabsorbed from the renal tubules and vessels, is taken up by
the ascending vasa recta (AVR). Water conservation is given by

dw total
N pvr @ ave ="ove <_$) FDVR.V+JVO “, @)

where 7ayr and /pyr denote the number of AVR and DVR, respectively, per nephron, taken
to be 342/71 and 56/71, respectively (Layton and Layton 2005). The product /1a/r @avr
denotes the amount of fluid taken up by the AVR. The first term on the right-hand-side
represents capillary source, where —dwnyrA.x gives the rate at which the DVR terminate

into capillaries at medullary level x. The second term JC,O“al denotes the net fluid
reabsorption, given per nephron.

Similarly, solute conservation for the interstitium is given by
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dw
_ DVR total
Navr QAVRCin‘D,k*nDVR (_ dz FDVR.,V CDV’R,k+Jk +Rint,k’? (5)

where G « denotes the interstitial fluid concentration of solute & The product
MpvR @avr Cint « denotes the amount of solute A taken up by the AVR. The first term on the

right-hand-side represents the capillary source. The second term j°ta! denotes the net
reabsorption of solute 4, and the third term Ry « denotes its net generation, including
contributions from tubules and vessels.

2.3 Oxygen Consumption

The model assumes that O, consumption has two components, one attributable to basal
metabolism and another to active NaCl transport. That is, for a given tubule, vessel, or
interstitium,

Rbasal + Rgctwc

i,00— 1Y 0, 1,00 " (6)

R

The model represents basal O, consumption by interstitial cells, vascular endothelial cells,
RBC, and tubular epithelial cells. The volumetric rate of basal O, consumption in tubule or
vas rectum 7is assumed to follow

basal
basal = max,05 4,02

102 KMQ2 +Ci.02 7 )

where K 0, is an increasing function of local NO concentration (Fry et al. 2014), to
account for the inhibitory effects of NO on mitochondrial utilization.

To compute Racotgve we must first determine active NaCl transport, which occurs along some
tubular segments, including the proximal straight tubules (the outer stripe portion of the
descending limbs), thick ascending limbs, and collecting ducts. A previous study (Fry et al.
2015) suggested that due to the nonlinear interactions among O,, NO, and O, their
respective effects on sodium transport cannot be considered in isolation. As such, the rate of
active NaCl transport is assumed to depend on local concentration of O, (or, equivalently,
Po2), NO, and O, and is expressed assuming Michaelis—Menten kinetics as follows:

WaCtWC:V

i,Na max,i,Na

{ Cina (@)

¥ .~ 7/ | Jac ; *Yac i 'hac — )
KM,Na+C¢,Na(l'):| f t(CLOQ) I t(CLNO) t(ci‘o2)

(8)
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where Vinax jNa is the maximal rate of Na* transport, Ky na is the Michaelis constant (taken
here to be 70mM, Greger et al. 1983), and the functions #t(C;0,), gact(Cino): and

hact(cii,o; ) represent the effects of O,, NO, and O on the rate of active sodium

reabsorption (Fry et al. 2014). The functions gyct and /A, are included here because our
models have predicted that the effects of NO significantly contribute to maintaining
sufficient medullary oxygenation, and that increased O, can lead to hypoxia (Fry et al. 2016,
2015).

When the medulla is sufficiently well oxygenated, active Na* transport is not limited by O,
levels (Nelimarkka 1984). But as local P, falls below a certain threshold, aerobic transport
decreases and is partially compensated by anaerobic metabolism. To describe this process,
we set

o 1 if POQZPZ‘)C
Jaer(Cr0,)= o2 (1-Fi ) +Fi, if POs<Pi,

Pi ¢

©)

where FlN describes the capacity of the tubular segment /for anaerobic transport.

For a given tubule / the O, consumption rate arising from its active NaCl transport can be
computed from a quantity known as TQ, which is defined as the number of moles of NaCl
actively reabsorbed per mole of O, consumed under maximum efficiency. With this notation,

active
2mr; Wz},l\'a

active__ , )7

. - P
1,09 A?pl TQ7 ( 7,0 (10)

where r;is the inner radius of tubule / and ©(P;0,) is the fraction of the Na™ active transport
rate supported by aerobic respiration. We assume that below a certain threshold, aerobic
respiration decreases linearly, so that &(P;o,) is given by

1 if POy > Pi,c
8(3,02): PO2/Pie if POQ<P¢7C.

P ris T a

Consumption

Similar to the assumption made for O,, glucose consumption is assumed to consist of a
component attributable to basal metabolism and another to active NaCl transport; i.e.,

__pbasal active
Ri-GfRi,c +Ri,G : (]_2)
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This direct sum may be a slight oversimplification, as the basal and active rates of glucose
consumption could potentially be interdependent; however, we are not aware of any
experimental evidence to support a more complicated relationship.

The model represents basal glucose consumption in the tubular epithelium, vascular
endothelium, and interstitium, given by

C

i,G

KM,G +Ci,G

)

(13)

max,G

Rbasal :Rbasal |:
i,G

max,G

consumption. We assumed that the basal glucose consumption rate is a first-order
Michaelis—Menten curve, as it is the simplest way to avoid unrealistic glucose
concentrations (similar to Thomas 2000).

where K g is the Michaelis constant and R is the maximum rate of glucose

Glucose is consumed to support both aerobic and anaerobic active transport of Na*. For
aerobic active Na* transport [the proportion of which is O(Pjo,/], the glucose consumption
rate due to aerobic glycolysis is given by

Vs active
active _ LK i,Na

i.G,aerobici Afpl mi Q(R,Og)7 (14)

i,G,aerobic

where TQ; G aerobic 1S the number of moles of Na* transported per mole of glucose
consumed. In aerobic respiration, 1 molecule of glucose reacts with 6 molecules of O, to
produce about 30 molecules of ATP (Rich 2003), 1 molecule of ATP is needed to transport 3
Na* ions (and 2K™ ions), we assume here that TQ ;g aerobic = 30%3 = 90.

The proportion of the Na* active transport supported by anaerobic metabolism is given by 1
- O(Pjo,). As aresult, the glucose consumption rate due to anaerobic glycolysis is given by

active

271'7’,‘ v N
1,G,anaero ic: i - (1_6(P7,O ))7
- " A’?pl TQ'i,GA,anaerobic 2 (15)

active

where TQ; G anaerobic 1S the number of moles of Na* transported per mole of glucose
consumed. Since the consumption of 1 glucose molecule leads to 2 molecules of ATP via
anaerobic respiration, and 1 ATP molecule is needed to transport 3 Na™ ions (and 2 K* ions),
we assume here that TQ, G anaerobic = 2 * 3 = 6.
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2.5 Model Parameters

3 Results

Most morphological and transport parameters of the present model are taken from Layton
(2011a), Chen et al. (2009b) and Fry et al. (2015). Below we describe parameters
corresponding to active Na* transport, O, transport, and glucose transport, and selected
parameters of particular importance in the present study. The axial lengths of the model
outer and inner medulla are taken to be 2 and 5 mm, respectively; the lengths of the outer
and inner stripes of the outer medulla are taken to be 0.6 and 1.4 mm, respectively. Key Na*,
Oy, and glucose transport parameters are shown in Table 1. All renal tubules (but not
vessels) are assumed to be impermeable to glucose. Selected boundary concentrations and
water flows for fluid entering descending limbs, collecting duct, and DVR are given in Table
2; additional boundary conditions can be found in Layton (2011a).

3.1 Base Case Results

The overall supply of O, to the medulla is given by the total molar flow per nephron of O,
and HbO,, entering the descending limb, collecting ducts, and, most importantly, DVR at the
cortico-medullary boundary. Given the in flow and fluid composition specified at the
cortico-medullary boundary, overall medullary O, supply is computed to be 27.9 pmol/min/
nephron, 98.2 % of which is delivered by the RBC. Of that medullary O, supply, the model
predicts that 48.0 % (or, 13.4 pmol/min/nephron) is consumed in the outer medulla, 10.8 %
(or, 3.0 pmol/min/nephron) is delivered to the inner medulla, and 8.60 % (or, 2.42 pmol/min/
nephron) is consumed in the inner medulla. The model predicts a generally decreasing
interstitial P, profile (shown in Fig. 4). That decreasing axial gradient, also observed in
other medullary structures (results not shown), can be attributed, in large part, to the
metabolically driven O, consumption of the thick ascending limbs (in the outer medulla) and
the collecting ducts (in the inner medulla).

The overall supply of glucose to the medulla is computed to be 31.6 pmol/min/ nephron,
75.0%o0f which is delivered by the DVR. Total DVR glucose flow decreases along the
medulla, in part because DVR population steadily decreases as DVR peel off to supply the
capillary plexus; see Fig. 5a. Predicted interstitial and DVR fluid glucose concentration
profiles are shown in Fig. 5b. Unlike DVR glucose flow, which steadily decreases along the
medullary axis, DVR glucose concentration is monotonic: it increases along the inner stripe,
but decreases along the inner medulla. In the inner stripe, DVR luminal glucose
concentration rises above its inflow value as more water than glucose is reabsorbed. In the
inner medulla, where the interstitial fluid osmolality axial gradient is less steep compared to
the inner stripe, glucose reabsorption from the DVR exceeds water reabsorption, resulting in
a decreasing DVR glucose concentration profile.

Interstitial fluid glucose concentration is given, in part, by the balance of glucose supply (via
capillaries) and glucose consumption (by tubular epithelia and vascular endothelia). The rate
at which DVR terminate to supply the capillaries at a given medullary level is given by
-dupyrAx (see Eq. 1). Within the outer medulla, the capillary plexus is denser in the inner
stripe (lower 1.4mmof the outer medulla) than in the outer stripe (upper 0.6 mm); thus, the
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capillary source is higher in the inner stripe. This explains the steep rise in interstitial
glucose concentration at the inner—outer stripe boundary (x= 0.6 mm, Fig. 5). A substantial
fraction of the outer medullary glucose consumption can be attributed to active NaCl
transport by the thick ascending limbs and, in the outer stripe, by the proximal straight
tubules. Given these observations, the model predicts that the interstitial fluid glucose
concentration is ~1.12-1.27 mM in the outer stripe and ~1.17-3.24 mM in the inner stripe.
The two “dips” in the interstitial glucose concentration profile (Fig. 5) can be attributed to
abrupt changes in tubular transport properties, and the resulting abrupt changes in glucose
consumption and water reabsorption rates.

Basal and active glucose consumption can be determined by evaluating Egs. (7) and (10),
respectively. The model predicts that 22.2 % (or, 7.0 pmol/min/nephron) of the medullary

active)

glucose supply is consumed in the outer medulla, with active NaCl transport ( R,
accounting for 3.86 pmol/min/nephron (63.7 % aerobic, 36.3 % anaerobic), and basal

metabolism ( R7%*') accounting for 3.14 pmol/min/nephron.

i,

The model assumes that 22.1 % of the DVR reach into the inner medulla. Of the medullary
glucose supply, 14.6 % (or, 4.6 pmol/min/nephron) is delivered to the inner medulla, and
5.52 % (or, 1.74 pmol/min/nephron) is consumed in the inner medulla, with active NaCl
transport and basal metabolism accounting for 1.37 and 0.37 pmol/min/nephron,
respectively. It is noteworthy that, in contrast to the outer medulla, the majority of the inner
R

medullary (75.9 %) is attributable to anaerobic respiration. Owing to the low Py in

active

the inner medulla, a substantial fraction (76.2 %) of the collecting duct £’ is anaerobic.
The model predicts that, along the upper half of the inner medulla, interstitial fluid glucose
concentration decreases from 3.04 to 1.05 mM (Fig. 5b). That decrease can be attributed to
the glucose consumed by the active NaCl transport of inner medullary collecting ducts and
contributes to the decrease in DVR luminal fluid glucose concentration (Fig. 5b). In the
lower half of the inner medulla, however, the active NaCl transport rate of the collecting
ducts is assumed to be lower; also, the number of collecting ducts decreases owing to
coalescence. As a result, glucose consumption decreases and interstitial fluid glucose
concentration rises (Fig. 5b). At the papillary tip, the model predicts an interstitial glucose
concentration of 1.69 mM, which is ~1/3 of arterial blood glucose concentration, consistent
with experimental findings by Ruiz-Guinazu et al. (1961).

3.2 Sensitivity Studies

A number of model parameters, such as DVR glucose permeability and basal glucose
consumption rate, are not well characterized. We have chosen baseline values for these
parameters in order to yield medullary interstitial tissue glucose concentration consistent
with experimental findings (Ruiz-Guinazu et al. 1961) (see above). To study the effects of
varying these parameters on model predictions, we conduct a series of sensitivity studies.

The model describes basal metabolism by means of Michaelis—Menten kinetics (Eq. 13). We
first conducted model simulations in which we set the maximum rate of basal metabolism

( R"* in Eq. 13) to 0.2 and 0.4mM/s (baseline value is 0.3mM/s). The resulting interstitial

max,G
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and DVR fluid glucose concentration profiles are shown in Fig. 6. A higher 2™**. value
(0.4 mMY/s) increases glucose consumption by 22.3 and 16.6%in the outer and inner medulla,
respectively. As a result, interstitial fluid glucose concentration is reduced by~0.663mMin
the inner medulla (see Fig. 6a). The impact is less pronounced in the outer medulla
(especially the outer stripe) where there is much larger DVR flow and where DVR fluid

basal

glucose concentration is not significantly affected (see Fig. 6b). Conversely, when 12" .
reduced to 0.2 mM/s, glucose consumption is lowered by 19.7 and 30.1%in the outer and
inner medulla, respectively, resulting in elevated interstitial and DVR fluid glucose
concentrations (see Fig. 6).

is

We then studied the effects of varying K ¢ (in Eq. 13), which corresponds to the glucose

concentration at which basal metabolism rate is half of szfé. Specifically, we set Ky g to
0.01, 1.0, and 2.0 mM (baseline value is 0.1 mM). A tenfold increase in Ky g lowers
glucose consumption by 15.1 and 21.2 % in the outer and inner medulla, respectively. As a
result, interstitial fluid glucose concentration increases by ~0.566 mM in the inner medulla.
A 20-fold increase in Ky g lowers glucose consumption by 10.3 and 15.5 % in the outer and
inner medulla, respectively. As a result, interstitial fluid glucose concentration increases
by~1mMin the inner medulla (see Fig. 7a). Again, the impact is significantly less
pronounced in the outer medulla, where glucose concentration generally exceeds Ky g by a
substantial margin. An analogous increase in DVR fluid glucose concentration is observed
(see Fig. 7b). Conversely, a tenfold decrease in Ky g increases glucose consumption by 3.31
and 5.68 % in the outer and inner medulla, respectively, resulting in lower interstitial and

DVR fluid glucose concentrations (see Fig. 7).

Next, we considered the effect of varying DVR glucose permeability. Figure 8a, b shows
interstitial and DVR glucose concentrations, obtained for DVR glucose permeability of 1 x
1075, 5 x 107 (base case), and 1 x 10~4 cm/s. With a lower DVR glucose permeability,
transendothelial glucose efflux is reduced, as evidenced by the higher DVR glucose
concentration profile depicted in Fig. 8b. As a result, outer stripe interstitial fluid glucose
concentration is predicted to be lower than base case (Fig. 8a). However, the higher DVR
glucose flow downstream results in elevated capillary glucose supply. Consequently,
interstitial fluid glucose concentration in the inner medulla is predicted to be higher with this
lower DVR glucose permeability. Conversely, a twofold increase in DVR glucose
permeability increases DVR transendothelial glucose reabsorption, giving a higher outer
stripe but lower inner medullary interstitial fluid glucose concentration.

4 Discussion

The goal of the present study is to better understand cellular metabolism and glucose
transport in a rat kidney. To that end, we have extended a detailed model of solute transport
in the medulla of a rat kidney (Fry et al. 2015) to include glucose transport and metabolism.
The model represents blood flow in the renal medulla, transmural transport of key solutes, as
well as the basal and transport-driven consumption of O, and glucose. The conversion of
glucose into lactate via glycolysis was investigated in previous model studies (Hervy and
Thomas 2003; Thomas and Wexler 1995; Zhang and Edwards 2006). The present model
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does not represent lactate. Nonetheless, compared to those studies (Hervy and Thomas 2003;
Thomas and Wexler 1995; Zhang and Edwards 2006), which did not consider renal
oxygenation, the present model provides a more comprehensive picture of renal metabolism,
in the sense that it represents the consumption of both O, and glucose.

To apply the present model, we first identified model parameters that yield predicted
interstitial fluid glucose concentration that is consistent with experimental measurements of
papillary blood glucose concentration (Ruiz-Guinazu et al. 1961) (see below). Using these
parameters, the model predicts generally decreasing interstitial P, profiles along the
cortico-medullary axis, consistent with previous modeling studies (Fry et al. 2014, 2015).
The steeper slope in the outer medulla can be attributed to the oxygen-demanding active Na
transport of the thick ascending limb (see Fig. 4). DVR glucose concentration is predicted to
be close to arterial blood concentration in the outer medulla, but steadily decreases within
the inner medulla to ~1/3 of arterial concentration. Additionally, we used the model to study
the sensitivity of model predictions to variations in key glucose transport and metabolism
parameters (see below).

+

4.1 Comparison with Experimental Findings

Despite the important role of glucose in renal tubular function, experimental data related to
glucose reaction rates and renal accumulation are relatively scarce. Thus, a goal of this study
is to determine parameter values that yield sufficient agreement between model predictions
and experimental measurements of glucose concentration. Unfortunately, there has not been
any direct measurement of glucose concentration in the renal medulla of the rat kidneys. In
an experimental study using the kidneys of golden hamster, Ruiz-Guinazu et al. (1961)
reported that glucose concentration in the vasa recta blood collected at the papillary tip is
approximately one-third of that in the arterial blood. We have chosen parameter values,
within physiologically relevant ranges, so that the model predicts a similar decline in DVR
glucose concentration from the cortico-medullary boundary to the papillary tip; see Fig. 5.

Because a number of model parameters have not been measured, we conducted simulations
to assess the effects of variations in key parameters on model predictions. Results of those
sensitivity studies suggest that DVR and interstitial glucose concentrations (especially DVR)
are more sensitive to changes in parameters concerning basal glucose metabolism in the
inner medulla than in the outer medulla; see Figs. 6 and 7. A 33.3 % increase or decrease in

basal . . . . .
R, or atenfold increase in Ky g, would result in papillary tip blood glucose

concentrations that deviate substantially from experimental data. In contrast, model results
are relatively insensitive to reductions in Ky .

4.2 Model Limitations and Future Extensions

As previously noted, the model predicts substantial axial gradients in interstitial Po, and
glucose concentrations (also Na* and urea concentrations; results not shown but similar
profiles can be found in our previous studies Layton 2011a; Layton et al. 2012). At each
medullary level, the model assumes that the arrangement of nephrons and vessels is

homogeneous. In contrast, anatomic studies in the renal medulla of rodent kidneys have
revealed highly structured organization of renal tubules and vasa recta (Kriz 1967, 1981;
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Kriz et al. 1972; Pannabecker et al. 2004). For example, in the inner stripe of the outer
medulla, DVR and some of the ascending vasa recta are isolated within tightly packed
vascular bundles, away from the thick ascending limbs and collecting ducts. That separation
of the oxygen- and glucose-rich DVR from the metabolically demanding thick ascending
limbs likely results in significant radial gradients (perpendicular to the cortico-medullary
axis) in interstitial fluid Pgy and glucose concentration. Indeed, our previous modeling
studies have predicted such a radial gradient in medullary Pg, (Fry et al. 2015). However,
the present model assumes that at a given medullary level, interstitial fluid is well mixed,;
thus, it cannot predict radial concentration gradient in glucose or any other solutes. It would
be interesting to extend the model to represent the radial organization of medullary
structures and the resulting preferential interactions among tubules and vessels. This
extension is by no means trivial, but can be done using the “region-based” approach that we
applied in previous models (Layton and Layton 2005; Layton 2011a).

The anaerobic glycolysis of glucose produces lactate. Because blood flow is particularly
limited in the inner medulla, a substantial fraction of the glucose metabolism in that region
is anaerobic, thereby likely leading to the production and accumulation of a significant
amount of lactate. It has been hypothesized that lactate may contribute to the production of a
concentrated urine by raising the osmolality of the interstitial fluid and facilitating the
reabsorption of water from the collecting ducts (Jen and Stephenson 1994; Thomas 2000).
(This is one of the many hypotheses that have been put forward in the past few decades to
explain the production of a highly concentrated urine by rodents, which has remained as one
of the longest-standing mysteries in traditional physiology.) The present model already
represents nephron segments and solutes that are believed to have major roles in the urine
concentrating mechanism of the rat kidney. If extended to represent lactate, the model can be
used to assess the validity of the hypothesis that the production of lactate via anaerobic
glycolysis may be the key to the production of a highly concentrated urine by the
mammalian Kidney.

The present model may also be useful for understanding the impacts of diabetes on kidney
function. Diabetes is a major risk of developing chronic kidney diseases (Foley and Collins
2007), which affect one in ten adults and are a growing public health and economic burden
in the USA. Despite intense research, the mechanisms underlying the transition from
diabetes to end-stage renal disease remain incompletely understood. It is generally believed
that renal hypoxia is an important pathway in the development of chronic kidney diseases
(Fine et al. 2000; Tanaka et al. 2014). In diabetes, a number of pathophysiological processes
are known to increase renal oxygen demand, which, in the absence of a compensatory
increase in oxygen supply, may result in intrarenal tissue hypoxia and the development of
clinical hallmarks of diabetic nephropathy. Additionally, hyperglycemia is a hallmark sign of
diabetes (in both type 1 and type 2 diabetes) and even prediabetes (Fine and Norman 2008;
Friederick-Persson et al. 2013). The present model simulates the transport, metabolism, and
interactions among O, glucose, and other major solutes in the kidney, and can be used as a
key component in an integrative model for studying diabetes and chronic kidney diseases.
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Fig. 1.

Schematic diagram of model structure. A short loop, which consists of a descending limb
and a contiguous ascending limb and which turns at the outer—inner medullary boundary;, is
represented. The diagram also depicts a long loop that turns within the inner medulla (at xy)
(Layton 2011a). Although only one long loop is shown, the model represents one long loop
that turns at every spatial point in the inner medulla. Similarly, only two representative DVR
are shown (with one terminating at x; and one at x»), whereas the model represents one
DVR that terminates at every spatial point. A representative collecting duct is shown; the
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“branches” represent the coalescence of the collecting ducts in the inner medulla (Layton
2011a). The black arrows at the cortico-medullary boundary represent boundary flows. The
outflow of the ascending limbs determines the inflow of the collecting duct. The red arrows
at the DVR outlets denote capillary sources at x; and x,. The net fluid and solute
accumulations at those medullary levels are taken up by the ascending vasa recta, as
indicated by the red arrows pointing into the ascending vasa recta. The blue arrows represent
transmural water and solute fluxes. Collecting duct outflow becomes urine (Color figure
online)
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Sc%ematic diagram showing key processes involved in the conservation of fluid and solutes
in the luminal flow of a tubule 7 (Egs. 2, 3). Lumen is surrounded by a layer of epithelial
cells. Within the lumen, £, denotes water flow and Cj, denotes the concentration of solute
k. Flow direction is indicated by the black arrow. The product £, Cjx gives solute flow rate.

The net volumetric consumption rate of a reactive solute is denoted by R!\™ within the

lumen and by Rf}ji in the epithelia. The epithelial volumetric generation rate of the solute is
denoted by Gjx A fraction 6, of the net generation (or consumption) of the solute by the
cells is directed into (or taken out of) the lumen and indicated by the green arrow; the
remainder (1-6y) is directed into (or taken out of) the interstitium. Transmural water and
solute fluxes are denoted by J;,and Jj, respectively, and by the b/ue arrow (Color figure
online)
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Interstitial fluid P, as a function of medullary depth, generated using baseline model
parameters
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concentration profiles. Medullary depth x= 0 mm corresponds to the cortico-medullary

boundary; x= 0.6 mm, inner—outer strip boundary; x = 2 mm, inner—outer medullary

boundary; x=7 mm, papillary tip
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Interstitial fluid (a) and DVR tubular fluid (b) glucose concentration profiles, obtained for
K, of 0.01, 0.1 (baseline), 1.0, and 2.0 mM. Medullary depth x = 0 mm corresponds to the
cortico-medullary boundary; x= 0.6mm, inner—outer strip boundary; x =2 mm, inner—outer

medullary boundary; x = 7mm, papillary tip
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In?erstitial fluid (a) and DVR tubular fluid (b) glucose concentration profiles, obtained for
DVR glucose permeabilities of 1072, 5 x 107> (baseline), and 104 cm/s. Medullary depth x
= 0 mm corresponds to the cortico-medullary boundary; x = 0.6 mm, inner—outer strip
boundary; x= 2 mm, inner—outer medullary boundary; x=7 mm, papillary tip
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Na*, O,, and glucose transport parameters

Table 1

Parameters

Value

Na* transport

Maximum active Na* transport rate (Vinax ina)
Proximal straight tubule
Thick ascending limb (outer stripe)
Thick ascending limb (inner stripe)
Collecting duct (outer stripe)
Collecting duct (inner stripe)
Collecting duct (initial inner medulla)

Collecting duct (terminal inner medulla)

Tubular capacity for anaerobic transport ( F /:N)

Proximal straight tubule

Thick ascending limb

Outer medullary collecting duct

Inner medullary collecting duct
O, transport

basal

Maximum basal O, consumption rate (= max,02)

Poy threshold for aerobic respiration (#;)

2.1 nmol/cm?/s (Layton and Layton 2005)
10.5 nmol/cm?/s (Layton and Layton 2005)
25.9 nmol/cm?s (Layton and Layton 2005)
1.0 nmol/cm?/s (Layton and Layton 2005)
1.6 nmol/cm?/s (Layton and Layton 2005)
8.5 nmol/cm?/s (Layton 2011a)

3.0 nmol/cm?/s (Layton 2011a)

0.14 (Dickman and Mandel 1990)

0.1 (Bagnasco et al. 1985)

0.5 (Uchida and Endou 1988; Zeidel et al. 1986)
0.4 (Stokes et al. 1987)

10 uM/s (Chen et al. 2009a)

10 mmHg (Fry et al. 2014)

Number of moles of Na* transported per mole of O, consumed (TQ))

Proximal straight tubule
Thick ascending limb
Collecting duct
Capillary and tubular wall O, permeability
Glucose transport
basal
Maximum basal glucose consumption rate (= ‘max,G)

Michaelis-Menten constant for basal glucose consumption (K )

18 (Nieves-Gonzalez et al. 2013; Weinstein 1998)
18 (Nieves-Gonzalez et al. 2013)

12 (Weinstein 1998)

0.04 cm/s (Chen et al. 2009c)

0.3 mM/s

0.1mM

Number of moles of Na* transported per mole of glucose consumed

Aerobic (TQ;g aerobic)
Anagerobic (TQ; g anaerobic)
DVR wall glucose permeability
AVR wall glucose permeability

RBC membrane glucose permeability

904

64

5.0 x 1075 cm/s (Zhang and Edwards 2006)
1.0 x 107° cm/s (Zhang and Edwards 2006)
1.0 x 107° cm/s (Zhang and Edwards 2006)

a,
See text.
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