
ll
OPEN ACCESS
Protocol
Protocol for measuring erythrocyte
glutathione reductase activity coefficient to
assess riboflavin status
Damon A.

Parkington, Albert

Koulman, Kerry S.

Jones

damon.parkington@

mrc-epid.cam.ac.uk

(D.A.P.)

kerry.jones@mrc-epid.

cam.ac.uk (K.S.J.)

Highlights

A protocol for

measuring

erythrocyte

glutathione

reductase (EGR)

activity coefficient

(EGRAC)

Steps for preparing

washed red blood

cells and hemolysates

Instructions for

measuring

unstimulated (basal)

and FAD-stimulated
EGR activity

Calculations of

EGRAC and quality

control checks
Riboflavin (vitamin B2) is a component of the co-enzyme flavin adenine dinucleotide (FAD). The

activity coefficient of erythrocyte glutathione reductase (EGRAC), a FAD-dependent enzyme, is a

biomarker of riboflavin status. Here, we describe a protocol for measuring unstimulated (basal)

and FAD-stimulated (activated) erythrocyte glutathione reductase activity to calculate EGRAC.

We describe the steps for preparing washed red blood cells and hemolysates; preparing

reagents; loading, incubating, and reading the 96-well plate; and calculating the results.

Publisher’s note: Undertaking any experimental protocol requires adherence to local institutional

guidelines for laboratory safety and ethics.

Parkington et al., STAR

Protocols 4, 102726

December 15, 2023 ª 2023

The Authors.

https://doi.org/10.1016/

j.xpro.2023.102726

mailto:damon.parkington@mrc-epid.cam.ac.uk
mailto:damon.parkington@mrc-epid.cam.ac.uk
mailto:kerry.jones@mrc-epid.cam.ac.uk
mailto:kerry.jones@mrc-epid.cam.ac.uk
https://doi.org/10.1016/j.xpro.2023.102726
https://doi.org/10.1016/j.xpro.2023.102726
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xpro.2023.102726&domain=pdf


ll
OPEN ACCESS
Protocol
Protocol for measuring erythrocyte glutathione
reductase activity coefficient to assess riboflavin status

Damon A. Parkington,1,2,* Albert Koulman,1 and Kerry S. Jones1,3,*
1Nutritional Biomarker Laboratory, MRC Epidemiology Unit, University of Cambridge, Cambridge CB2 0SL, UK

2Technical contact: damon.parkington@mrc-epid.cam.ac.uk

3Lead contact

*Correspondence: damon.parkington@mrc-epid.cam.ac.uk (D.A.P.), kerry.jones@mrc-epid.cam.ac.uk (K.S.J.)
https://doi.org/10.1016/j.xpro.2023.102726
SUMMARY

Riboflavin (vitamin B2) is a component of the co-enzyme flavin adenine dinucleo-
tide (FAD). The activity coefficient of erythrocyte glutathione reductase (EGRAC),
a FAD-dependent enzyme, is a biomarker of riboflavin status. Here, we describe a
protocol for measuring unstimulated (basal) and FAD-stimulated (activated)
erythrocyte glutathione reductase activity to calculate EGRAC. We describe the
steps for preparingwashed red blood cells and hemolysates; preparing reagents;
loading, incubating, and reading the 96-well plate; and calculating the results.
For complete details on the use and execution of this protocol, please refer to
Hess et al.1
BEFORE YOU BEGIN

Prepare washed red blood cells

Timing: 1–2 h

Note: The preparation of washed red blood cells (wRBC) should be completed prior to

freezing of the sample.

Note: Samples should be collected into a tube containing EDTA or lithium heparin (LH)

anticoagulant.

1. Pre-chill centrifuge to 4�C.

Note: If a refrigerated centrifuge is not available, then pre-cooling of centrifuge buckets and

blocks at 4�C is recommended.

2. Mix blood tubes by inverting slowly 10 times.

3. Centrifuge the tubes at 4�C for 10 min at 3000 3 g.

4. Remove the plasma using a pipette and discard or store for future use.

5. Remove the buffy coat from the sample using a Pastette, and discard or store for future use.

Note: The buffy coat is the thin layer of white blood cells and platelets which should be just

visible between the red blood cells (RBC) and the plasma after centrifugation.

6. Re-suspend the RBC in normal saline (0.9%w/vNaCl solution) to approximate the original volume

of whole blood. Re-cap and gently invert the tube 10 times to mix.
STAR Protocols 4, 102726, December 15, 2023 ª 2023 The Authors.
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7. Centrifuge the tubes at 4�C and 2000 3 g for 10 min and, using a Pastette, remove and discard

the saline supernatant.

8. Repeat steps 6 and 7 twice for a total of 3 washes or until the saline supernatant is clear.

9. Remove and discard the saline supernatant and the top 1mmof RBC to ensure complete removal

of saline.

CRITICAL: All the saline supernatantmust be removed to ensure that only the RBCs remain
in the tube.
10. wRBC should be stored at ‒70�C.

Note: wRBC samples should be frozen at ‒70�C. Where this is not possible, samples should

be stored at ‒20�C and transferred to ‒70�C or below as soon as possible.
Program plate reader software

Timing: 0.5–1 h

11. Program the plate reader to read each well of the plate at 340 nm, 40 times at 1 min intervals,

with the plate reader set to shake the plate on a moderate setting for 5 s before each read. The

plate reader should be set to incubate the microplate at a constant temperature of 28�C during

the read.

Note: The options for shaking speed vary between different plate readers. It is recommended

that a moderate setting is selected where available and that vigorous shakes, which could

cause foaming, are avoided.

Note: This step should be completed prior to the analysis day. It should be possible to save

the program for future use.
Prepare quality control material

Timing: 2–4 h

CRITICAL: Quality control (QC) material should be prepared to run alongside every batch
to monitor batch-to-batch imprecision.
Note: Commercially produced control material is not available for this assay so it must be

produced in-house.

12. wRBC from single donors should be lysed in bulk following the section of protocol ‘prepare

hemolysates’.

13. The hemolysate should be divided into 200 mL aliquots and stored in Sarstedt 2 mL microtubes

(or similar) at ‒70�C, for analysis with each batch.

CRITICAL: Prepare sufficient aliquots of QC for a new aliquot to be run with each batch
that is expected to be run in the following year. Run a new preparation of QC material

alongside the previous preparation for 10 batches before moving on to using the new

preparation.
2

Note: It is important not to mix donations from different donors because clotting is likely to

occur, as in a transfusion reaction.
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14. Three levels of QC samples should be prepared.
a. QC ‘A’: Ideally produced from blood drawn from a riboflavin-deficient donor. If it is not

possible to identify a riboflavin-deficient donor, a donor with a high EGRAC should be

selected.

b. QC ‘B’: Should be produced from blood drawn from a donor without riboflavin deficiency.

c. QC ‘C’: ‘‘Low Activity’’ can be derived from any single-donor human wRBC sample, diluted

1:1 with physiological saline. This is to assess the robustness of the assay.
Day 0 (Day before analysis)

Timing: 0.5–2 h

15. Check enough in-date phosphate buffer and 1% Tween 20 are available and prepare if

required – see section ‘materials and equipment’.
Day 1 (analysis day)

Timing: 0.5 h

16. Prepare equipment for use:
a. Turn on the incubator and allow it to reach 37�C.
b. Turn on the refrigerated centrifuge and set it to cool to 4�C.
c. Turn on the plate reader and set the temperature to 28�C.
d. Take the controls and samples out from ‒70�C storage and mix on a roller mixer until the

samples have thawed.
Prepare hemolysates

Timing: 1.5 h

17. After thawing, mix the samples of wRBC gently by inversion.

18. Transfer 1 volume of wRBC to a Sarstedt 2 mL micro tube (or similar) and mix with 2 volumes of

deionized water, for example 200 mL wRBC and 400 mL deionized water.

19. Cap and mix thoroughly by inversion, leave on the bench for 10 min at room temperature to

allow lysis.

Note: wRBC are sticky and can be difficult to pipette. It is recommended that positive

displacement pipettes are used where available. If only standard pipettes are available,

then reverse pipetting is recommended. Although only 5 mL of hemolysate is required for

the assay it is recommended that volumes of wRBC <50 mL should not be pipetted.

Pause point: Lysates may be stored at ‒70�C prior to the assay, if required.
Plate reader performance check

Timing: 3 h

Note: This check can be used to determine the level of within-plate imprecision due solely to

the variation of temperature within the incubation chamber of the plate reader. If using the

recommended plate reader, this protocol can be followed once a year to ensure optimal per-

formance. This protocol can also be used to assess the suitability of alternative plate readers

for this procedure.
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20. Remove a vial of QC material with sufficient volume to provide 30 mL hemolysate and mix on a

roller mixer until the sample has thawed.

21. Centrifuge the selected hemolysate sample in the refrigerated centrifuge for 10 min at

4000 3 g.

22. Pipette 30 mL QC material hemolysate and 6.5 mL phosphate buffer into a 50 mL Falcon

tube.

23. Add 1.3 mL FAD (to ensure higher rates) and swirl gently to mix.

24. Incubate for 30 min at 37�C.
25. Add 11 mL glutathione solution and swirl gently to mix.

26. Add 3.3 mL NADPH solution and swirl gently to mix.

27. Pipette 200 mL of the mixture into each well of the 96-well plate.

28. Mix on the plate shaker at 600 RPM for 30 s.

29. Inspect wells for bubbles, if present it is advisable to burst it with a clean micropipette tip.

30. Read each well of the plate at 340 nm 40 times at 1 min intervals, with the plate reader set to

gently shake the plate for 5 s before each read.

31. The first 20 readings, where the temperature of the plate and its contents equilibrate with that of

the reader, are not included in the calculations.

32. Using the subsequent 20 readings, subtract each reading from the previous reading to calculate

the change in absorbance at each of the final 20 read points. Calculate the mean of these values

to give the mean absorbance change.

Note: An example result calculation is shown in quantification and statistical analysis.

33. Calculate the mean, standard deviation and percent coefficient of variation (%CV) of the change

in absorbance measurements for each row, each column and for the whole plate.

34. Inspect the results to look for trends in rate (i.e., in temperature) and also to look for edge effects

(where central wells may be at a different temperature to the edge wells).

35. If the %CVs of the rows or columns demonstrate unevenness in the enzyme rate and thus in the

temperature in the wells, or if there is an ‘edge effect’, the part of the plate affected is not suit-

able for this assay. The recommendation is that for rows and columns within the plate the %CV

should be <2% and for the plate overall, <3%.

36. Using notional ‘‘blank’’ rates (e.g., average blank rates obtained from QC data), calculate

‘‘EGRAC" for each set of four wells as described in the ‘calculation of results’, as would be

done for an assay. Ideally each calculated EGRAC will be 1.00 because the same reaction is

occurring in every well. Inspect the results for deviations from 1.00; this provides an indication

of the within-batch imprecision to be expected from an assay.
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

EDTA or lithium heparin anticoagulated whole blood
(for use as quality control material)

Any supplier

Chemicals, peptides, and recombinant proteins

Sodium hydroxide BDH Cat#BDH9292; CAS: 1310-73-2

Potassium phosphate (KH2PO4) Sigma Cat#P-0662; CAS: 7778-77-0

Ethylenediaminetetraacetic acid (EDTA) Sigma Cat#E-1644; CAS: 638-92-6

Oxidized glutathione Sigma Cat#G-2140; CAS: 27025-41-8

b-Nicotinamide adenine dinucleotide 20-phosphate
reduced tetrasodium salt hydrate (b-NADPH)

Sigma Cat#N-6505; CAS: 2646-71-71

Flavin adenine dinucleotide (FAD) Sigma Cat#F-6625; CAS: 84366-81-4

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tween 20 Sigma Cat#P1379; CAS: 9005-64-5

0.9% Saline (NaCl) solution Any supplier

Software and algorithms

Microsoft Excel Microsoft

SkanIt software for microplate readers Thermo Fisher Scientific #5187139

Other

Multiskan FC microplate photometer with incubator Thermo Fisher Scientific #51119100

Orbital microplate shaker with digital control Any supplier

Safety cabinet Any supplier

Incubator with fan Any supplier

Refrigerated centrifuge Any supplier

Greiner UV-Star 96-well plates Greiner #655801

Microplate sealers Any supplier

Positive displacement pipette (50–200 mL)
with disposable tips

Any supplier

P20, P200, P1000, and P5000 pipettes Any supplier

1 mL Pastettes Any supplier

Sarstedt 2 mL microtubes Sarstedt

Falcon 5 mL, 15 mL, and 50 mL tubes Any supplier

Roller mixer Any supplier
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MATERIALS AND EQUIPMENT

CRITICAL: This protocol uses a Thermo Fisher Scientific Multiskan FC microplate photom-
eter (with incubator) to measure a decrease in absorbance at 340 nm at a controlled tem-

perature of 28�C. The ability of the photometer to maintain a consistent temperature

across the 96-well plate for the duration of the assay must be established using the ‘plate

reader performance check’ above.
100

Rea

Pot

EDT

Dei

10%
Alternatives: Other temperature controlled plate readers may be suitable for this assay. We

recommend using the ‘plate reader performance check’ described above to assess the

suitability of alternative plate readers.
mM phosphate buffer

gent Final concentration Amount

assium phosphate (KH2PO4) 100 mM 13.6 g

A 1 g

onized H2O 1 L

w/v NaOH As required
� Dissolve 13.6 g of potassium phosphate in 800 mL deionized H2O.

� Use 10% w/v NaOH to adjust the pH to 7.4.

� Make up to 1 L with deionized H2O.

Store at +4�C for up to 1 month.

CRITICAL: NaOH is corrosive. Use personal protective equipment (PPE) including eye

Total N/A 1 L
protection, gloves and lab coat.
STAR Protocols 4, 102726, December 15, 2023 5
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Rea

Twe

Dei

1%

Rea

10%

Dei

Tot

760

Rea

FAD

Dei

Tot

19

Rea

760

Dei
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CRITICAL: EDTA is harmful if inhaled. Use PPE including eye protection, gloves and lab
coat and work in a safety cabinet.
Tween 20 (intermediate dilution)

gent Final concentration Amount

en 20 10% Tween 20 1 mL

onized H2O 9 mL
� Measure 9 mL deionized H2O into a 15 mL Falcon tube.

� Add 1 mL Tween 20 below the meniscus using a Pastette.

� Use the water meniscus and graduations to determine the volume.

� Cap the tube and mix by inversion.

Note: Do not attempt to pipette neat Tween 20 quantitatively.

Store at +4�C for up to 6 months.

Total N/A 10 mL
Tween 20

gent Final concentration Amount

Tween 20 1% Tween 20 1 mL

onized H2O 9 mL

al N/A 10 mL
� Add 1 mL of 10% Tween 20 into a 15 mL Falcon tube using a pipette.

� Make up to 10 mL with deionized H2O.

� Cap the tube and mix by inversion.

Store at +4�C for up to 6 months.
mg/mL flavin adenine dinucleotide (FAD) (intermediate dilution)

gent Final concentration Amount

760 mg/mL 3.8 g

onized H2O 5 mL

al N/A 5 mL
� Weigh 3.8 g FAD into a Sarstedt 5 mL screw cap tube.

� Add 5 mL deionized H2O.

� Cap the tube and roller mix until dissolved.

Store at +4�C for up to 1 day.

CRITICAL: Ensure that this reagent does not contaminate any of the other reagents as this
could lead to the contamination of the basal wells.
mg/mL flavin adenine dinucleotide (FAD) (assay dilution)

gent Final concentration Amount

mg/mL FAD intermediate dilution 19 mg/mL 50 mL

onized H2O 4.95 mL
Total N/A 5 mL
STAR Protocols 4, 102726, December 15, 2023
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� Pipette 50 mL of the 760 mg/mL FAD intermediate dilution into a Sarstedt screw cap 5 mL tube.

� Add 4.95 mL deionized H2O.

� Cap the tube invert 10 times to mix.

Store at +4�C for up to 1 day.

CRITICAL: Ensure that this reagent does not contaminate any of the other reagents as this
could lead to the contamination of the basal wells.
2 mg/mL glutathione solution

Reagent Final concentration Amount

Oxidized glutathione 2 mg/mL 50 mg

1% Tween 20 100 mL

100 mM phosphate buffer 25 mL
� Weigh 50 mg oxidized glutathione into graduated 50 mL Falcon tube.

� Add 100 mL Tween 20.

� Make up to 25 mL with 100 mM phosphate buffer.

� Cap the tube and roller mix until dissolved.

Store at +4�C for up to 1 day.

Note: This dilution provides sufficient glutathione reagent for 2 plates (with some pipetting

excess), but can be scaled up as appropriate if more plates are to be run on the day.

Total N/A 25 mL
0.6 mg/mL NADPH solution

Reagent Final concentration Amount

NADPH 0.6 mg/mL 6 mg

100 mM phosphate buffer 10 mL
� Weigh 6 mg oxidized NADPH into graduated 50 mL Falcon tube.

� Make up to 10 mL with 100 mM phosphate buffer.

� Cap the tube and roller mix until dissolved.

Store at +4�C for up to 1 day

Note: This dilution provides sufficient NADPH reagent for 2 plates (with some pipetting

excess), but can be scaled up as appropriate if more plates are to be run on the day.

Total N/A 10 mL
STEP-BY-STEP METHOD DETAILS

Load 96-well plate

Timing: 1.5–2 h

In this step the samples and QCs are added to the plate in quadruplicate. For each sample or QC, a

pair of wells is spiked with FAD to fully activate EGR. The other pair of wells have only buffer added to

maintain sample volume and basal enzyme activity. After incubation, glutathione is added as sub-

strate and NADPH as a reducing agent.
STAR Protocols 4, 102726, December 15, 2023 7



Figure 1. Recommended plate map

Abbreviations: BLK, blank; QC, quality control
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1. Centrifuge the hemolysate samples and controls in the refrigerated centrifuge for 10 min at

4000 3 g.

2. Produce 200-fold dilutions of the hemolysate samples and controls with phosphate buffer; 5 mL +

1000 mL phosphate buffer in a 2 mL Sarstedt micro tube. Cap and invert 10 times to mix.

3. Pipette 60 mL quadruplicates of each sample, QC and blank as per the plate map in Figure 1.

Note: The samples should be assayed at the positions shown, ensuring that the position of any

individual QC is varied from assay to assay. Phosphate buffer is used for the four blanks.

4. Using a multichannel pipette, add 12 mL phosphate buffer to rows A, B, E, F (basal). Add12 mL

FAD-assay dilution to rows C, D, G, H (activated).

5. Cover the platewith a self-adhesive sealer andmix the plate on theplate shaker at 600 RPM for 60 s.

6. Carefully place the plate in the incubator at 37�C for 30 min.

7. Remove plate from incubator. Remove the plate sealer and, using a multichannel pipette, add

100 mL of glutathione solution per well and re-seal with a new plate-sealer.

8. Mix the plate on the plate shaker at 600 RPM for 2 min.

9. Remove the plate sealer. Using a multichannel pipette, add 30 mL of NADPH solution per well

and re-seal with a new plate-sealer.

10. Mix the plate on the plate shaker at 600 RPM for 30 s.

11. Remove the plate sealer. Load plate onto the plate reader.

Read plate

Timing: 40 min

In this step the absorbance at 340 nm is measured 40 times in each of the wells at 1 min intervals at a

controlled temperature of 28�C. During this time the EGR in the sample catalyzes the reduction of

oxidized glutathione to glutathione, utilizing added NADPH as the electron donor. Oxidization of

NADPH to NADP causes a measureable change in absorbance at 340 nm that is proportional to

the activation of EGR.

GlutathioneðoxidisedÞ+NADPH+H+!
Glutathione reductase

GlutathioneðreducedÞ+NADP

12. Read each well of the plate at 340 nm 40 times at 1 min intervals, with reader set to briefly shake

the plate for 5 s before each read.
8 STAR Protocols 4, 102726, December 15, 2023



Table 1. Example of raw data measured on a plate reader

Reading Time (s)

Absorbance measured at 340 nm

Basal well 1 Basal well 2 Activated well 1 Activated well 2

21 1200 0.3740 0.3720 0.3680 0.3740

22 1260 0.3700 0.3690 0.3640 0.3700

23 1320 0.3670 0.3650 0.3610 0.3670

24 1380 0.3630 0.3620 0.3570 0.3630

25 1440 0.3590 0.3590 0.3530 0.3590

26 1500 0.3560 0.3550 0.3500 0.3550

27 1560 0.3530 0.3520 0.3460 0.3520

28 1620 0.3490 0.3480 0.3420 0.3480

29 1680 0.3450 0.3450 0.3390 0.3440

30 1740 0.3420 0.3420 0.3350 0.3410

31 1800 0.3390 0.3380 0.3310 0.3370

32 1860 0.3350 0.3350 0.3280 0.3340

33 1920 0.3320 0.3320 0.3240 0.3300

34 1980 0.3290 0.3280 0.3200 0.3260

35 2040 0.3250 0.3250 0.3170 0.3230

36 2100 0.3210 0.3220 0.3130 0.3190

37 2160 0.3180 0.3190 0.3100 0.3160

38 2220 0.3150 0.3150 0.3060 0.3120

39 2280 0.3120 0.3120 0.3030 0.3090

40 2340 0.3080 0.3090 0.3000 0.3060
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EXPECTED OUTCOMES

Table 1 shows an example of raw data for an individual sample. The first 20 readings have been

omitted as per the protocol.

In our experience from measuring samples from populations with different riboflavin status,

mean changes in absorbance per minute can range from ‒0.0003 to ‒0.005 in basal wells and ‒
0.001 to ‒0.005 in activated wells. These ranges are specific to the cohorts of samples measured

in our laboratory using the methods as described here and can only provide a guide to expected

results.
QUANTIFICATION AND STATISTICAL ANALYSIS

Following the steps below yields the EGRAC for each of the samples. In the assay, EGR activity with

and without the addition of FAD, is measured. The EGRAC reflects the degree of additional stimu-

lation of EGR in the activated wells (i.e., the wells spiked with FAD) compared to that of the basal

wells, and therefore because riboflavin is a component of FAD, the assay provides a marker of ribo-

flavin nutritional status. If little additional stimulation of EGR occurs after the addition of FAD this

demonstrates relatively high saturation of EGR with endogenous FAD, and an EGRAC close to 1

is obtained, indicating riboflavin sufficiency. Where riboflavin status is inadequate, greater stimula-

tion occurs, and a higher EGRAC is observed.
Calculation of results

Timing: 1–1.5 h

In this step the blank absorbance readings are used to correct the sample and QC absorbance read-

ings. The mean change in absorbance per minute can then be calculated in both the basal and acti-

vated wells. After an imprecision check of the duplicate pair readings, the ratio of the basal and acti-

vated wells (EGRAC) is calculated.
STAR Protocols 4, 102726, December 15, 2023 9



Table 2. Example calculation of mean absorbance change using raw data

Reading Basal well 1 Basal well 2 Activated well 1 Activated well 2

Reading ‘22’ minus ‘21’ -0.0040 -0.0030 -0.0040 -0.0040

Reading ‘23’ minus ‘22’ -0.0030 -0.0040 -0.0030 -0.0030

Reading ‘24’ minus ‘23’ -0.0040 -0.0030 -0.0040 -0.0040

Reading ‘25’ minus ‘24’ -0.0040 -0.0030 -0.0040 -0.0040

Reading ‘26’ minus ‘25’ -0.0030 -0.0040 -0.0030 -0.0040

Reading ‘27’ minus ‘26’ -0.0030 -0.0030 -0.0040 -0.0030

Reading ‘28’ minus ‘27’ -0.0040 -0.0040 -0.0040 -0.0040

Reading ‘29’ minus ‘28’ -0.0040 -0.0030 -0.0030 -0.0040

Reading ‘30’ minus ‘29’ -0.0030 -0.0030 -0.0040 -0.0030

Reading ‘31’ minus ‘30’ -0.0030 -0.0040 -0.0040 -0.0040

Reading ‘32‘ minus ‘31’ -0.0040 -0.0030 -0.0030 -0.0030

Reading ‘33‘ minus ‘32’ -0.0030 -0.0030 -0.0040 -0.0040

Reading ’34‘ minus ‘33’ -0.0030 -0.0040 -0.0040 -0.0040

Reading ‘35‘ minus ‘34’ -0.0040 -0.0030 -0.0030 -0.0030

Reading ‘36‘ minus ‘35’ -0.0040 -0.0030 -0.0040 -0.0040

Reading ‘37‘ minus ‘36’ -0.0030 -0.0030 -0.0030 -0.0030

Reading ‘38‘ minus ‘37’ -0.0030 -0.0040 -0.0040 -0.0040

Reading ‘39’ minus ‘38’ -0.0030 -0.0030 -0.0030 -0.0030

Reading ‘40’ minus ‘39’ -0.0040 -0.0030 -0.0030 -0.0030

Mean absorbance change -0.0035 -0.0033 -0.0036 -0.0036
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1. Do not use the first 20 readings, where the temperature of the plate and its contents equilibrate

with that of the reader, in the calculations. See example data in Table 1.

2. Calculate the mean change in absorbance per well by subtracting the previous reading from each

reading, during the last 20 readings and calculating the average of these as shown in Table 2.

3. Subtract the mean change in absorbance of the blank wells from every basal and activated rate.

Note: In the assay each sample is measured in duplicate with the addition of FAD (activated)

and in duplicate without addition of FAD (basal). Duplicate measurements are required to

allow interpretation of reproducibility of the pipetting of samples and reagents. Before the

EGRAC can be calculated the imprecision of the activated and basal duplicates needs to be

assessed; EGRAC should not be calculated if imprecision of duplicate measurements exceeds

10% for either the basal or activated measurement. To calculate imprecision of duplicates use

the following formula:

V1 � V2

ððV1+V2Þ=2ÞÞX100

V1 = mean change in absorbance duplicate ‘‘1’’

V2 = mean change in absorbance duplicate ‘‘2’’

A duplicate ratio of up to 10% is acceptable. Analysis for samples with a ratio of >10% should be

repeated.

4. Calculate the mean rate for each activated and basal duplicate pair and divide the mean rate of

the activated duplicate wells by themean rate of the basal duplicate wells to calculate the EGRAC

as shown in Table 3.

5. For QC samples, keep a record of values for each batch. Calculate the mean, standard deviation

and %CV for each QC sample. After the first 10 batches, a +/- 2 standard deviation range can be

calculated and applied using Westgard2 or local rules to assess the validity of a batch.
10 STAR Protocols 4, 102726, December 15, 2023



Table 3. Example calculation of EGRAC

Mean absorbance change at 340 nm

Basal well 1 -0.0035

Basal well 2 -0.0033

Mean basal -0.0034

Activated well 1 -0.0036

Activated well 2 -0.0036

Mean activated -0.0036

Mean activated/mean basal (EGRAC) 1.05
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LIMITATIONS

The use of the EGRAC ratio for assessment of riboflavin status assumes that endogenous riboflavin

will be the limiting factor on the reaction in the basal wells. Although rare, it is possible that in some

individuals the availability of EGRmay be reduced.3 In these individuals a suboptimal level of endog-

enous riboflavin would saturate the available EGR and in the EGRAC assay a ratio close to ‘‘1’’ would

be measured. A similar scenario could be encountered if the EGR had degraded prior to analysis.

EGRAC is not a suitable test of riboflavin status in people with glucose-6-phosphate dehydrogenase

(G6PD) deficiency because GR retains FAD leading to higher GR activity and low EGRAC.4 Preva-

lence of G6PD deficiency varies globally, with the highest rates up to 7.5% observed in the

Middle-East and areas in sub-Saharan Africa.5 b-thalassemia, protein-energy malnutrition and se-

vere hypothyroidism may also influence interpretation of EGRAC.5

Cut-offs of EGRAC that indicate riboflavin deficiency are poorly defined and have ranged between

>1.2 to >1.7.5 The European Food Safety Authority (EFSA) concluded that EGRAC of <1.3 indicates

adequate riboflavin status.4

Methodological differences in assay conditions (such as FAD concentration and incubation times)

can influence EGRAC values,6 underlining the need for availability of detailed method information

and standardization of procedures. Few studies have reported on EGR stability after specimen

collection, either in whole blood or hemolysates. EGRAC measured in whole blood kept at 4�C ap-

pears to be relatively stable up to 4 h, and as long as 24 h, after collection.7,8 In contrast, lysed cells

displayed decreasing enzyme stability as storage temperature was increased.7 Comparisons in our

laboratory suggest either EDTA or lithium heparin whole blood may be used to measure EGRAC.8

TROUBLESHOOTING

Problem 1: Duplicate imprecision >10%

Most problems with the assay will be revealed when calculating imprecision of the basal or activated

duplicates during step 3 of quantification and statistical analysis. If there is a difference of >10% in

any of the duplicates of QC samples or test samples the EGRAC should not be calculated for the

affected sample. Imprecision can be caused at almost every step of the assay so it is important to

double check that the protocol is being followed carefully. Good pipetting technique is important

and this should be the first consideration when troubleshooting.

If > 3 samples on a plate show a difference of >10% this would indicate a fundamental problem with

either the preparation of the plate or the plate reader, in this instance it is recommended that the

analysis of the whole plate is repeated.

Potential solution

When troubleshooting it can also be useful to plot the change in absorbance over time in the final 20

read points for each of the well positions on a plate. For example, Figure 2 shows the absorbance

over time in a sample with normal reaction kinetics. Figure 2 shows a relatively consistent decrease

in absorbance over time and is an example of how the assay should perform under normal
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Figure 2. Absorbance over time in a sample with normal reaction kinetics
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circumstances. Figure 3 shows an inconsistent decrease in absorbance over time that could be

caused by

� Particulates in the reaction mixture.

� Electrical interference (although this would usually be seen as spikes in the kinetic trace).

� Poor plate reader performance (consider running a plate reader performance check, as

above).
Problem 2: QC results outside the defined range

If when following step 5 of quantification and statistical analysis the measured ratio in a single QC

level falls outside the +/- 2 standard deviation (SD) limits calculated, this indicates that the results

associated with the batch should be interpreted with caution and the cause investigated. The causes

could be due to poor pipetting or abnormal reaction kinetics (see above). If more than one QC falls

outside the +/-2 SD limits the results should be discarded and the cause investigated before

repeating the batch.
Figure 3. Absorbance over time in a sample with abnormal reaction kinetics
Potential solution

� May indicate the need to repeat the batch, according to local procedures.

� Review/check pipette performance and pipetting technique.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Kerry Jones (kerry.jones@mrc-epid.cam.ac.uk).
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Materials availability

We recommend the Thermo Fisher Scientific Multiskan FC microplate photometer with incubator

(part number: 51119100) for this assay. It may be possible to substitute this for an alternative plate

reader with both an incubator and the capability to read a 96-well plate at 340 nm. We recommend

following the ‘‘Plate reader performance check’’ as described above.

All chemical reagents can be substituted for their equivalent from alternative suppliers.

We would be willing to share and exchange QC materials for purposes of validation and interlabor-

atory comparison.

Data and code availability

There are no data or code associated with this protocol.

ACKNOWLEDGMENTS

This research was supported by the NIHR Cambridge Biomedical Research Centre (NIHR203312).

For the purpose of open access, the author has applied a Creative Commons Attribution (CC BY)

license to any Author Accepted Manuscript version arising. The views expressed are those of the

authors and not necessarily those of the NIHR or the Department of Health and Social Care. We

acknowledge Lorna Cox, Tabasum Tabasum and Amanda McKillion for their work on the EGRAC

assay. The graphical abstract used graphics created with BioRender.com (license number

DP25VUSU4X).

AUTHOR CONTRIBUTIONS

D.A.P. conducted experimental work. D.A.P. and K.S.J. drafted themanuscript. All authors reviewed

and approved the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.
REFERENCES
1. Hess, S.Y., Smith, T.J., Sitthideth, D., Arnold,
C.D., Tan, X., Jones, K.S., Brown, K.H., Alayon,
S., and Kounnavong, S. (2023). Risk factors for
anaemia among women and their young
children hospitalised with suspected thiamine
deficiency in northern Lao PDR. Matern. Child
Nutr. e13565. https://doi.org/10.1111/mcn.
13565.

2. Westgard Rules. https://www.westgard.com/
mltirule.htm.

3. Gallo, V., Schwarzer, E., Rahlfs, S., Schirmer,
R.H., van Zwieten, R., Roos, D., Arese, P., and
Becker, K. (2009). Inherited glutathione
reductase deficiency and Plasmodium
falciparum malaria–a case study. PLoS One 4,
e7303. https://doi.org/10.1371/journal.pone.
0007303.
4. EFSA Panel on Dietetic Products Nutrition
and Allergies NDA, Turck, D., Bresson, J.-L.,
Burlingame, B., Dean, T., Fairweather-Tait, S.,
Heinonen, M., Hirsch-Ernst, K.I., Mangelsdorf,
I., McArdle, H.J., et al. (2017). Dietary
Reference Values for riboflavin. EFSA J. 15,
e04919. https://doi.org/10.2903/j.efsa.
2017.4919.

5. Aljaadi, A.M., Devlin, A.M., and Green, T.J.
(2022). Riboflavin intake and status and
relationship to anemia. Nutr. Rev. 81, 114–132.
https://doi.org/10.1093/nutrit/nuac043.

6. Hill, M.H.E., Bradley, A., Mushtaq, S., Williams,
E.A., and Powers, H.J. (2009). Effects of
methodological variation on assessment of
riboflavin status using the erythrocyte
glutathione reductase activation coefficient
STA
assay. Br. J. Nutr. 102, 273–278. https://doi.org/
10.1017/S0007114508162997.

7. Dror, Y., Stern, F., and Komarnitsky, M. (1994).
Optimal and stable conditions for the
determination of erythrocyte glutathione
reductase activation coefficient to evaluate
riboflavin status. Int. J. Vitam. Nutr. Res. 64,
257–262.

8. Jones, K.S., Meadows, S.R., Chamberlain, K.,
Parkington, D.A., Collins, D., Page, P., and
Koulman, A. (2021). Delayed Processing of
Chilled Whole Blood for 24 Hours Does Not
Affect the Concentration of the Majority of
Micronutrient Status Biomarkers. J. Nutr. 151,
3524–3532. https://doi.org/10.1093/jn/
nxab267.
R Protocols 4, 102726, December 15, 2023 13

http://Biorender.com
https://doi.org/10.1111/mcn.13565
https://doi.org/10.1111/mcn.13565
https://www.westgard.com/mltirule.htm
https://www.westgard.com/mltirule.htm
https://doi.org/10.1371/journal.pone.0007303
https://doi.org/10.1371/journal.pone.0007303
https://doi.org/10.2903/j.efsa.2017.4919
https://doi.org/10.2903/j.efsa.2017.4919
https://doi.org/10.1093/nutrit/nuac043
https://doi.org/10.1017/S0007114508162997
https://doi.org/10.1017/S0007114508162997
http://refhub.elsevier.com/S2666-1667(23)00693-7/sref7
http://refhub.elsevier.com/S2666-1667(23)00693-7/sref7
http://refhub.elsevier.com/S2666-1667(23)00693-7/sref7
http://refhub.elsevier.com/S2666-1667(23)00693-7/sref7
http://refhub.elsevier.com/S2666-1667(23)00693-7/sref7
http://refhub.elsevier.com/S2666-1667(23)00693-7/sref7
https://doi.org/10.1093/jn/nxab267
https://doi.org/10.1093/jn/nxab267

	XPRO102726_proof_v4i4.pdf
	Protocol for measuring erythrocyte glutathione reductase activity coefficient to assess riboflavin status
	Before you begin
	Prepare washed red blood cells
	Program plate reader software
	Prepare quality control material
	Day 0 (Day before analysis)
	Day 1 (analysis day)
	Prepare hemolysates
	Plate reader performance check

	Key resources table
	Materials and equipment
	Step-by-step method details
	Load 96-well plate
	Read plate

	Expected outcomes
	Quantification and statistical analysis
	Calculation of results

	Limitations
	Troubleshooting
	Problem 1: Duplicate imprecision ﹥10%
	Potential solution
	Problem 2: QC results outside the defined range
	Potential solution

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	References



